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Energy conversion using renewable biomass has significant environmental impact. 
To acquire high value products using preliminary processed biomass, considerable amount 
of upgrading reactions has been conducted in liquid-phase conditions. Addition of solvents 
could interact with all component within reaction system. In order to influence 
heterogeneous catalytic reactions, solvents have to affect the kinetically relevant steps such 
as adsorption, surface reaction, and desorption. The following chapters investigate kinetics 
and solvent effects for biomass conversion. 
In Chapter 4, cyclohexene hydrogenation has been carried out over 0.25 wt.% Pd/-
Al2O3 in heptane, methylcyclohexane and decalin with a wide range of reaction conditions, 
from 30 psi to 600 psi of hydrogen pressure under 40 C – 100 C. Those inert solvents 
demonstrate competitive adsorption with reactants cyclohexene and lead to its decrease in 
surface coverage. Decalin competes the strongest and results the lowest hydrogenation rate 
followed by methylcyclohexane and then heptane. Heptane illustrates negligible surface 
competitive adsorption. Additionally, the non-ideality of reaction mixtures also alters the 
surface concentration of the solvent molecules compared to the bulk phase. Four kinetic 
models have been established based on different surface scenarios, and the cyclohexene 
hydrogenation has been found to be the first hydrogenation as the rate-determining step 
with cyclohexene and hydrogen absorbed on different Pd sites. Combined with statistical 
thermodynamic analysis, surface cyclohexene and hydrogen retain a certain amount of 
entropy based on their degree of freedom(DOF) of translation, rotation and vibration 
modes. ∆𝑆𝑎𝑑𝑠  for cyclohexene is -143 ± 19 J/mol·K, which loses around 2/3 of total 
entropy of its liquid state. Hydrogen losses more entropy upon adsorption and ∆𝑆𝑎𝑑𝑠 is -
xvi 
108 ± 12 J/mol·K. Meanwhile, heat of adsorption decreases with surface coverage. ∆𝐻𝑎𝑑𝑠 
for cyclohexene on a clean Pd surface is -75 ± 14 kJ/mol, while the ∆𝐻𝑎𝑑𝑠 for hydrogen is 
-41 ± 7 kJ/mol. On a fully covered Pd surface, ∆𝐻𝑎𝑑𝑠 for cyclohexene becomes -53 kJ/mol, 
while ∆𝐻𝑎𝑑𝑠 for hydrogen reduces to -33 kJ/mol. 
In Chapter 5, the protic solvent, water, participates in the kinetically relevant step, 
surface reaction step, and influences the reaction rate and product distributions. Furfural 
hydrogenation in cyclohexane and water over 3% Pd/-Al2O3 presents distinctive 
reactivity and product distribution. In the presence of water, hydrogenation of the carbonyl 
group of furfural is favored and therefore furfuryl alcohol is the main product. While the 
furanyl ring hydrogenation is favored in solvent cyclohexane and the reactivity in 
cyclohexane is much less. DFT calculations demonstrate that water stabilizes the 
intermediate and final product significantly by forming hydrogen bonds and provides an 
alternative hydrogenation pathway through water H-shuttling mechanism. Water-assist 
hydrogenation decreases the overall energy at the transition state from 46 kJ/mol to -7 
kJ/mol. Kinetic studies in water and cyclohexane further unveil that reaction orders with 
respect of H2 pressure also differ. 0.8th order has been found when using water, which 
indicates the second hydrogenation step is the rate-determining step. 0.3th order in 
cyclohexane manifests the first hydrogenation step is the rate-determining step. The kinetic 
results are consistent with DFT calculations. When water shuttles the surface H proton to 
the oxygen of the carbonyl group through the H-bonding networks, the energy at the 
transition state for this step decreases from 46 kJ/mol to -16 kJ/mol, making the second 
hydrogenation of the carbon the rate-determining step. 
xvii 
In Chapter 6, water serves as a solvent and the critical reactant that converts surface 
species to desired products. Aqueous phase reforming (APR) of ethanol over various Pt 
and Ru catalysts have been carried out in ethanol water mixture. Upon adsorption, ethanol 
decomposes by sequential dehydrogenation starting from Cα followed by dehydrogenation 
on Cβ until surface ketene CH2CO species are achieved. The C-C cleavage happens 
afterwards and surface CO species then react with water to produce more H2 and CO2 
through the water-gas-shift (WGS) reaction. The presence of water drives the equilibrium 
of WGS reaction and removes the surface CO species. Therefore, negligible amount of CO 
has been detected in products. Serious Ru catalysts with different particle sizes have also 
been explored. Ru tends to favor the C-C cleavage compared to Pt. However, smaller Ru 
particles present strong adsorption of surface CO species and cause site poisoning. Larger 
Ru particles greatly favors the methanation reaction that consumes H2 in the product and 
CO, CO2 to form CH4. To optimize the catalyst, achieve desired product H2 and inhibit 
CH4 production, bimetallic Ru-Pt catalysts have been investigated. The co-impregnated 
1%Ru-2%Pt/TiO2 displays the synergistic performance, with increased reaction rate for H2 





Chapter 1: Introduction 
1.1 Biomass Conversion 
Conversion from renewable biomass to fuel and chemicals has significant impact 
on productions that mainly rely on non-renewable carbon sources, petroleum and coal. 
Compared with petrochemical refinery, CO2 emissions from biomass combustion are 
carbon (C) flux neutral since it can be captured by biomass regrowth[1, 2]. For energy 
production using biomass, feedstocks such as switchgrass, agricultural residues, municipal 
wastes and woody crops are widely employed for the reason that they contain 
lignocellulose, which is the most abundant class of biomass and is made up of  
hemicellulose, cellulose and lignin[3].  
General strategies of converting lignocellulosic biomass are going through 
thermochemical and hydrolysis[3-6].  
In thermochemical route, treatments including gasification and pyrolysis 
depolymerize lignocellulosic biomass in order to extract all carbon (C)-containing biomass  
components[7, 8]. Syngas, mainly H2 and CO, is produced via gasification under 
temperatures over 727 C and is brought into the production of gasoline or diesel under 
Fischer-Tropsch synthesis (FTS). Other crucial chemical processes are derived from 
syngas such as H2 production through water gas shift reaction and methanol production 
from methanol synthesis. Pyrolysis is conducted at temperatures between 400 – 600 C for 
few seconds in the absence of oxygen. The vapor generated during pyrolysis is then 
condensed to yield a liquid mixture known as bio-oil. However, the resulting bio-oil has a 
broad range of chemicals including water, acids, aldehydes, alcohols, sugars, ketones, 
2 
 
esters, etc.[4]. A staged thermal fractionation, torrefaction followed by pyrolysis, has been 
proposed to produce compositional purified and categorized intermediates based on 
different temperature ranges that each composition of lignocellulose decomposes[9-11]. 
Hemicellulose decomposes at low temperature, torrefaction conditions, ranging from 250 
– 275 C. The products from this stage are light oxygenates including acetic acid, furfural 
and water. About 58.5 wt.% liquid product is water[12, 13]. The second stage decomposes 
cellulose at 300 – 400 C yielding sugar derived compounds. levoglucosan takes up the 
majority from this stage. Last but not the least, lignin derived compounds as phenolics are 
the products as the result of fast pyrolysis in between 500 - 600 C. The staged thermal 
fractionation separates the major compounds within the lignocellulosic biomass. 
Hydrolysis deconstructs solid biomass via aqueous phase acid-catalyzed reaction 
to isolate sugar monomers from the lignocellulose fibers, which are formed by hydrogen 
bonding[5]. Strong inorganic acid as HCl or H2SO4 are able to depolymerize hemicellulose 
and cellulose readily in aqueous environment. Cellulose hydrolysis to simple sugar 
glucose, which can be further degraded. 5-hydroxymethylfurfural and levulinic acid are the 
byproducts of cellulose hydrolysis and serve as important building blocks for fuel 
additives[4].  Combining with catalytic reactions, hydrogenation of sugar monomers 
produces polyols such as sorbitol, xylitol and dehydration of the monomers obtains furfural 
and hydroxymethylfurfural. Another approach followed by the hydrolysis utilizes 
fermentation to produce bio-ethanol, although this biological process takes much longer 
time compared with other processes mentioned above[3].  
No matter applying thermochemical or hydrolysis route to extract all carbon (C)-
containing biomass components, primary products produced are unstable, highly reactive 
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and oxygenated compounds. Therefore, catalytic upgrading is desired to produce value-
added chemical intermediates or fuel additives[3, 14, 15].  
Upgrading strategies have been investigated based on functionality of compounds. 
Carbon-carbon coupling takes place to couple species with light hydrocarbons with low 
carbon number into high carbon number that falls into the fuel-range products. 
Ketonization, aldol condensation, alkylation, hydroxyalkylation and acylation are the key 
reactions for carbon-carbon coupling. The general chemistries are presented in Scheme 1. 
Carboxylic acids are coupled through ketonization reaction[16]. However, CO2 is released 
as the byproduct. Aldol condensation, on the other hand, couples two carbonyl compounds 
to form a ketone without losing any carbon sources[17]. Coupling aromatic and furan 
compounds with alcohols, carboxylic acids and ketones are alkylation, acylation and 
hydroxyl alkylation respectively. 
 
Scheme 1. General chemistries for carbon-carbon coupling (Adapted from [14]) 
Hydrodeoxygenation (HDO) is another important upgrading strategies for biomass 
conversion after carbon-carbon coupling. Oxygenated compounds lead to low thermal 
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stability, low energy content and highly corrosive. Removal of oxygen is necessary to 
stabilize bio oil. Typical HDO reactions usually contain: (1) hydrogenation of the 
unsaturated C=O bonds to C-OH, (2) dehydration of the hydroxyl groups, (3) cleavage of 
C-C bonds, and (4) hydrogenolysis of C-O-C bonds[18, 19].   
Aqueous phase reforming (APR) of oxygenated hydrocarbons provide an 
alternative route for syngas production, which conventionally is carried out via gasification 
under high temperature over 727 C. APR of oxygenated compounds produces H2 and CO 
in a single-step catalytic processes at moderate temperatures ranging from 200 – 260 C[20, 
21]. Water not only serves as the solvent but more importantly reacts with CO through 
water gas shift reaction to produce CO2 and H2, driving the conversion forward. Tailoring 
the APR of sorbitol, longer carbon number alkanes consisting primarily of butane, pentane 
and hexane are achieved besides H2 and CO2. 
Overall, due to various functionalities of primary biomass products such as low 
volatility and high reactivity, feeds are typically processed in liquid phase reactions[22]. 
As shown in Figure 1, most of biomass-derived carbohydrates go through reactions such 
as hydrogenation, hydrolysis, aldol condensation and reforming in an aqueous, an organic 
or biphasic condition at mild temperatures. For comparison, petrochemical processes 
usually require much higher temperature and are conducted in vapor phase. Similarly, 
thermochemical processes such as pyrolysis and gasification are also conducted in vapor 





Figure 1. Diagram of approximate reaction conditions for the catalytic processing of 
petroleum versus biomass-derived carbohydrates. (Adapted from [22]) 
1.2 Liquid Phase Hydrogenation and Aqueous Phase Reforming 
Heterogeneous catalytic conversion has been widely considered for processing of 
petroleum and biomass since they fulfill easy product separation and catalyst reusability 
over homogenous catalytic processes. Among upgrading strategies summarized in 1.1, 
hydrogenation reactions as an important type of reaction are required to saturate the alkene, 
carbonyl and ketone groups after carbon-carbon coupling and during HDO process. 
Besides being widely considered in biomass conversion, hydrogenation is crucial reactions 
in chemical, pharmaceutical and food industry.  
Group VIII metals including iron Fe, cobalt Co, nickel Ni, platinum Pt, ruthenium 
Ru, rhodium Ph, palladium Pd, osmium Os and iridium Ir, as well as copper Cu, gold Au 
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and tungsten W have demonstrated hydrogenation ability towards unsaturated 
hydrocarbons[23]. The reaction mechanisms and kinetic models for hydrogenation are also 
well developed and are discussed in Chapter 2: Kinetics and Transition State Theory. 
Combining with theoretical calculations, the energy profiles within hydrogenation on a 
metal surface for each species are obtained with significant insights.  
However, experimental data and first-principles predictions are not always 
consistent with each other. There are many aspects that attribute to the discrepancy. 
Therefore, one of objectives of the study is to present a large and diversified set of data to 
have a mechanistic understanding towards hydrogenation. Moreover, reliable theoretical 
and experimental methodologies are necessary to explore and provide reasonable 
boundaries for first-principle calculations. Performing microkientcs study is one approach 
to model surface reactions, derive parameters and attach physical meanings to it. By 
analyzing those parameters such as entropy of adsorption, enthalpy of adsorption, entropy 
of reaction and enthalpy of reaction, energy profiles of surface reacting species are 
constructed. Those parameters serve as core elements to predict reaction kinetics such as 
rate constants and equilibrium constants. Nevertheless, merely few systematic studies, 
especially for entropy change, are developed to correlate those parameters to metal surface 
properties through experiment approaches. The statistical thermodynamics analysis has 
been involved to provide reasonable estimations on entropy of adsorption for cyclohexene 
and hydrogen molecules presented in Chapter 4: Non-ideal Solvent Effect on Kinetics of 
Cyclohexene Hydrogenation over Pd/-Al2O3. Incorporated with DFT calculations, the 
heat of adsorption is discussed as a function of surface coverage. 
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Meanwhile, when reactions are carried out in solutions, solvent molecules could 
add a degree of uncertainty towards reactivity, although liquid phase reaction delivers great 
benefits such as dissolve reactants and products, rapid heat transfer for exothermic 
reactions. The effect of solvent has been well studied in homogeneous catalysis. In 
heterogeneous catalysis, the solvent effect is starting to be understood. The proposed 
solvent effects are summarized in Chapter 3: Solvent Effect. 
 To gain more insights on liquid phase reactions, biomass derived compounds have 
been utilized since they reflect large variety of organic compounds such as alcohols, 
aldehydes, acids, aromatics, furanics, unsaturated hydrocarbons, etc. Liquid phase 
hydrogenation of cyclohexene, furfural and ethanol reforming were carried out as 
representations for biomass derived aromatics, furanics and alcohols. The corresponding 
discussions are in Chapter 4: Non-ideal Solvent Effect on Kinetics of Cyclohexene 
Hydrogenation over Pd/-Al2O3, Chapter 5: Mechanistic Role of Water in Aqueous Phase 
Furfural Hydrogenation on Pd Catalysts and Chapter 6: Aqueous Phase Reforming of 
Ethanol on Synergistic Bimetallic Ru-Pt Catalysts. The effect of organic aprotic solvents 
has been investigated using Langmuir-Hinshelwood kinetic models in hydrogenation of 
cyclohexene. The competitive adsorption of solvents significantly affects the surface 
coverage of reactants and the non-ideality of reaction solution have been demonstrated to 
influence surface and reaction rate at the same time. Moreover, water plays a crucial role 
during reactions. The effect of water on reactions are carried out in hydrogenation of 
furfural and ethanol reforming. Water has been manifested to participate the reaction 
activation of furfural hydrogenation to furfuryl alcohol and decreases the activation energy 
barrier through H-shuttling. In the ethanol reforming, water reacts with surface species so 
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that the deactivation has been minimized, along with driving the reaction equilibrium to 
produce more H2 through water gas shift reaction. The design of catalysts has been 
demonstrated to be essential for this reaction. Optimized catalysts have been illustrated to 




Chapter 2: Kinetics and Transition State Theory 
Reaction kinetic relates the microscopic reactions to macroscopic measurables such 
as concentration, pressure and temperature. Reaction mechanisms demonstrate the 
interactions of reactants, intermediates and products on catalyst active sites and can be 
described using mathematical models. Heterogeneous catalysis involves elementary steps 
as reactant adsorption, surface reaction and product desorption.  
2.1 Langmuir-Hinshelwood Kinetic Model 
Langmuir-Hinshelwood mechanism combines associative/dissociative adsorption 
and surface reaction into one rate expression. A typical catalytic reaction between A and B 
according to Langmuir-Hinshelwood mechanism are[24] 
1. 𝐴 + ∗ 
𝐾𝐴
⇔𝐴 ∗ (1) 
2. 𝐵 + ∗ 
𝐾𝐵
⇔𝐵 ∗ (2) 
3. A ∗ +𝐵 ∗ 
𝐾𝐴𝐵∗
⇔  𝐴𝐵 ∗ (3) 
4. 𝐴𝐵 ∗
𝐾𝐴𝐵
⇔ 𝐴𝐵 + ∗ (4) 
Where * is the active sites, 𝐾𝑖 is the equilibrium constants. When each step is in equilibrium, 



















Where 𝜃𝑣 is the empty sites. The overall sites balance during catalytic reaction is constant 
and the sum of coverages is 1 as 
𝜃𝑣 + 𝜃𝐴∗ + 𝜃𝐵∗ + 𝜃𝐴𝐵∗ = 1 (9) 
Among these elementary steps, only one step serves as the irreversible rate-
determining step (RDS) while others are quasi-equilibrated. If the surface reaction in Eq. 
(3) is the RDS with a rate constant 𝑘𝐴𝐵, the rate can be expressed as 
𝑟 = 𝑟𝐴𝐵∗ = 𝑘𝐴𝐵𝜃𝐴∗𝜃𝐵∗ (10) 
Since the surface coverage of 𝜃𝐴∗ and 𝜃𝐵∗ are derived from Eq. (5) and (6), and 𝜃𝑣  are 
substituted with site balance in Eq. (9), the rate expression is obtained as 
𝑟 = 𝑟𝐴𝐵∗ =
𝑘𝐴𝐵𝐾𝐴𝑃𝐴𝐾𝐵𝑃𝐵




The further simplification assumes initial reaction rate that product AB on the surface at 
the beginning of reaction is low so that the 𝑃𝐴𝐵 is approximate to 0: 
𝑟 = 𝑟𝐴𝐵∗ =
𝑘𝐴𝐵𝐾𝐴𝑃𝐴𝐾𝐵𝑃𝐵
(1 + 𝐾𝐴𝑃𝐴 + 𝐾𝐵𝑃𝐵)
2
 (12) 
2.2 Statistical Thermodynamics 
Statistical thermodynamics links the microscopic properties of matter to its bulk 
properties such as chemical potential, internal energy, pressure and entropy[25].  Rate 
constants 𝑘𝑖  and equilibrium constants 𝐾𝑖  in elementary reaction steps are readily to be 
computed using partition functions. The partition function is a thermodynamic function of 
state which contains all properties of the system[24-26]. A particle, a molecule or atom, 
contains different degrees of freedom(DOF) and its energy is the sum of all energies 
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associated with these degrees of freedom. Therefore the partition function for molecules is 
written as 
𝑄𝑖
′′′ = 𝑞𝑡𝑞𝑟𝑞𝑣𝑞𝑒𝑞𝑛 (13) 
Where 𝑞𝑡 represents the partition function for translational degrees of freedom (DOF), and 
𝑞𝑟, 𝑞𝑣 are the partition functions for rotational and vibrational degrees of freedom (DOF) 
respectively. 𝑞𝑒 and 𝑞𝑛 describe electronic partition function and nuclear partition function, 
although the values are often unity. The partition function for atoms only contains 𝑞𝑡, 𝑞𝑒 
and 𝑞𝑛 since atoms don’t possess internal degrees of freedom (DOF) related to rotations 
and vibrations. The expressions for individual partition functions are listed in Table 1. 
Table 1. Partition functions for different types of motion. (Adapted from [24, 27]) 
Motion DOF Partition function 




















Where m = mass of a particle 
             I = moment of inertia for linear molecule 
             IA, IB, and IC = moments of inertia for a nonlinear molecule about three axes  
                                      perpendicular to each other 
             ν = normal mode vibrational frequency 
             kB = Boltzmann constant 
             h = Planck constant 
             T = absolute temperature 
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             σ = symmetry number 
The equilibrium constant is determined directly from partition functions of the 
species participating in a reaction as 
𝑎𝐴 + 𝑏𝐵
 
↔ 𝑐𝐶 + 𝑑𝐷 (14) 




)𝑐+𝑑−𝑎−𝑏} 𝑒−∆𝑟𝐸/𝑘𝐵𝑇 (15) 
Where ∆𝑟𝐸 is the difference in molar energies of the products and reactants. Meanwhile, 
the equilibrium constant of a reaction is related to the Gibbs energy of reaction by 
∆𝑟𝐺 = −𝑅𝑇𝑙𝑛𝐾 (16) 
The reaction entropy, ∆𝑟𝑆, and enthalpy change, ∆𝑟𝐻, contribute to the reaction Gibbs 
energy change. Therefore, the partition function term in Eq. (15) is related to the entropy 




)𝑐+𝑑−𝑎−𝑏} = 𝑒−∆𝑟𝑆/𝑘𝐵 (17) 
2.3 Transition State Theory 
Reactions, such as when the RDS is Step. 3, proceed by forming an activation 
complex 𝐴𝐵‡ at the transition state, which possesses the highest energy between reactants 
and products. However before product formation, the activated complex is in equilibrium 
with the initial species. The single vibration of the activated complex yields the product 
𝐴𝐵. Crossing the energy barrier is a forward only reaction, and the scheme is presented as 






→  𝐴𝐵 (18) 
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 is referred to as universal frequency factor. The macroscopic transition state 
theory is obtained by using standard entropy, ∆𝑆0‡, and enthalpy, ∆𝐻0‡, associated with 











Meanwhile, the microscopic transition state theory is derived using molecular partition 
functions, 𝑄𝑖
′′′, which is the product of partition functions from translational (𝑞𝑡), rotational 
(𝑞𝑟) and vibrational (𝑞𝑣) partition functions in Eq.(14). Therefore, the entropy term for the 
equilibrium between initial states and transition states, exp (
∆𝑆0‡
𝑘𝐵
) , is expressed with 













Where ∆𝐸0‡  is the change in energy at absolute zero temperature associated with the 
















Where A is the pre-exponential factor when it is expressed in Arrhenius form. 
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2.4 Reactions in Solutions and in Thermodynamically Non-ideal Systems 
When reactions are carried out in solutions, rate is proportional to concentration of 





Which the concentration of transition states is considered as a normal molecule except that 
all other degrees of freedom along the reaction coordinate including translations, rotations 
and most vibrations are omitted from the description of this molecule[28].  
Solution mixture creates non-ideality so that the equilibrium constant in Eq. (19) 





Where 𝑎𝑖 is the activity, and the activity coefficient 𝛾𝑖 is account for deviations from ideal 















The activity coefficients for reactants are readily to be obtained, however it is difficult to 
acquire a proper value for activity coefficients at transition states. The simplification has 
been made to neglect the non-ideality at the transition states, although this assumption 
would have led to drifts of rate constant as the extent of reaction increases[28]. Liquid 
phase reaction solubilizes reactants, transition states and products. The solvation of those 
species could affect the reaction kinetics by increasing concentration of surface reacting 
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species as well as influencing their activity coefficients. the corresponding discussions of 
the solvent effect are provided in 3.2.2 Solvent effects related to thermodynamic non-





Chapter 3: Solvent Effect 
Conducting catalytic reactions in liquid phase has great advantages including but 
not limited to dissolving chemicals and transferring heat. The observed differences in 
product distributions, rate enhancement when applying various solvents is solvent 
effect[29].  
As media, solvents provide an additional degree of freedom to engineer reactions. 
Crossley et al.[30] achieved simultaneous reaction and product separation by carrying out 
reactions in Pd/CNT stabilized water-in-decalin emulsions. The schematic illustration of 
biomass derived vanillin (4-hydroxy-3-methoxybenzaldehyde) conversion is presented in 
Scheme 2. At 100 C, water soluble vanillin was hydrogenated over Pd to form water 
soluble vanillin alcohol, which further hydrogenolysis product was p-creosol (2-methoxy-
4-methylphenol). Since both vanillin and vanillin alcohol were water soluble, but p-creosol 
had low solubility in water. p-creosol migrated from aqueous phase into oil phase upon 
formation without being further converted. Guaiacol was a product formed at 250 C 
through decarbonylation reaction and transferred to decalin phase due to its low solubility 




Scheme 2. Simultaneous reaction and product separation using water-oil emulsion. 
Depending on reaction temperatures, vanillin went through hydrogenation, 
hydrogenolysis and decarbonylation. Intermediates transferred to different media 
according to its solubility. (Adapted from [30])  
3.1 Solvent Effects in Homogeneous and Heterogeneous Catalysis 
To understand effect of solvents on hydrogenation reactions, interactions of 
solvents with solutes, catalyst surfaces and other solvents are to investigated. 
In homogeneous catalysis, catalysts solvate in solvents and interact strongly with 
reactants and solvents inside the same phase. Buncel et al.[31] and Reichardt et al.[29] 
explained solvent effect by thermodynamic transfer functions. Solvents could affect initial 
states and transition states separately. As depicted in Figure 2, the energy diagram of 
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reactants in solvent O and solvent S at initial states and transition states may have different 
free energy.  
 
Figure 2. Gibbs free energy of reactants in solvent O and solvent S at initial/reactant 
states and transition states. (Adapted from [31]) 
The free energy of activation of 𝑅 at initial/reactant states and 𝑇 at transition states in 
















𝑅 + 𝛿𝐺 
‡ (30) 
Where 𝛿𝐺𝑡𝑟
𝑅  was the transfer free energies, which represented the free energy difference at 
the initial/reactant states. 𝛿𝐺 
‡ was the kinetic activation parameter. Both 𝛿𝐺𝑡𝑟
𝑇 , 𝛿𝐺𝑡𝑟
𝑅  terms 
can be positive, negative or zero. Given that 𝛿𝐺𝑡𝑟
𝑇 , 𝛿𝐺𝑡𝑟
𝑅  had the same sign, it was referred 
to a balancing situation where rate differences in two solvents were the smallest. On the 
other hand, when 𝛿𝐺𝑡𝑟
𝑇 , 𝛿𝐺𝑡𝑟
𝑅  showed opposite signs, it was referred to a reinforcing 
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situation and the rate differences were the largest. Some representative reactions are 
demonstrated in Figure 3. Changing from protic to dipolar aprotic solvent, ionic reactions 
showed balancing situation where rate didn’t change much. In this case, that 𝛿𝐺𝑡𝑟
𝑇 , 𝛿𝐺𝑡𝑟
𝑅  
had the same sign. However, when the transition states were stabilized in aprotic solvent, 
𝛿𝐺𝑡𝑟
𝑇 , 𝛿𝐺𝑡𝑟
𝑅  had the opposite signs. The rate had been positively reinforced. 
 
Figure 3. Free energy diagram of ionic reactions and effect of solvent when medium 
was changed from protic to dipolar aprotic. (Adapted from [31]) 
When a homogenous reaction is carried out in a solvent, both initial/reactant states 
and transition states are solvated. The participation of reaction ions and molecules are 
positively, negatively or neutrally charged by electrostatic interaction with solvents and 
catalyst. A useful way to visualize these solvation effect is by co-spheres introduced by 
Gurney[32, 33].  Reacting species are surrounded by an imaginary sphere which encloses 
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solvent molecules. When reactant co-sphere and catalyst co-sphere overlap with each other, 
the mutual destruction or construction of co-sphere leads to different disruption for two 
solvated molecules. One co-sphere may be disrupted by the other or get constructed 
together. The energy at transition state when using different solvents will be affected by 
the degree of disruption from both sides. Therefore, both initial/reactant states and 
transition states are solvated to different extents according to the solvating power of the 
solvent used. Therefore, a reaction can be promoted or retarded.  
In heterogeneous catalysis, reactions happen over surfaces with elementary steps 
as adsorption, surface reaction and desorption. Rate determining step states the overall 
reaction rate while other steps are quasi-equilibrated.  
Madon and Iglesia[34] discussed effect of solvents on kinetically relevant 
elementary steps. A typical heterogeneous catalytic reaction system is a gas-liquid-solid 
system where reactants and catalysts are dissolved in inert solvents. When bulk reactants 
are in equilibrium with gas phase, the chemical potential of the liquid phase and the gas 
phase should be the same. Reaction rates are identical in both phases no matter solvents 
are involved. Hereby, in order to change the rate of heterogeneous catalytic reactions, 
solvents must find a way to influence kinetic rate constants in rate expressions and 
activated complexes of the rate-determining step.  
Two different scenarios were further explained combing with the solvent effects 
observed in cyclohexene hydrogenation over Pt[35] and Pd[36]. In the case of cyclohexene 
hydrogenation over Pt, the rate was found to increase with hydrogen solubility in solvents. 
When the rate determining step is adsorption step as an entry elementary step or desorption 
step as an exit elementary step as follow: 
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𝐴 + ∗ 
𝑘𝑒𝑛𝑡𝑦/𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
→            𝐴 ∗ (31) 
𝐵 ∗ 
𝑘𝑒𝑥𝑖𝑡/𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
→           𝐵 + ∗ (32) 
where ∗ is surface active sites, 𝐴 and 𝐵 are reactant and product respectively, activated 
complexes may be affected to the same extent as reactants or products in the liquid phase. 
Because entry/adsorption step is usually an exothermic reaction with an early transition 
states yet exit/desorption step is an endothermic reaction with late transition states. The 
solvent solvation effect of bulk molecules and activated complexes are identical and 
therefore the effect is cancelled. Since the rate determining step over Pt is H2 dissociation, 
an entry step, the solvation effect for initial states and transition states is identical, leaving 
the liquid phase H2 concentration in the rate expression. On the other hand, when rate 
determining step involves surface adsorbed species, 
𝐴 ∗ + 𝐵 ∗
𝑘
→𝐴𝐵 ∗ (33) 
surface reacting species 𝐴 ∗, 𝐵 ∗ and the activated complexes 𝐴𝐵 ∗‡  are predominately 
influenced by strong chemical bonds to surface active sites. Solvation does not play a role 
to initial states and transition states. Therefore, rate of cyclohexene hydrogenation over Pd 
was found to be independent of solvents since the surface reaction of adsorbed hydrogen 
and adsorbed cyclohexene was the rate determining step. 
3.2 Solvent Effect on Hydrogenation 
Many aspects attributed to solvent effects on hydrogenation have been investigated 
such as solvent electrical properties[37-44], thermodynamic non-ideality[34, 44-47], 
solvent hydrogen solubility[34, 35, 42, 43, 48, 49], solvent competitive adsorption[39, 40, 
44, 50, 51], intrinsic kinetics[52-55], and so forth.   
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3.2.1 Solvent effects related to electrical properties  
Solvents are categorized as non-polar, aprotic, and protic solvents. Solvent 
electrical properties such as dielectric constant ( ) and electrical dipole moments (𝜇) 
determines the polarity of solvents. Dielectric constant  measures ability to insulate 
charges between substances. Therefore higher  represent higher polarity. Many studies 
have investigated solvent effects related to electrical properties. However, there are no 
clear correlation between solvent polarity on hydrogenation rate, although polar solvents 
may interact stronger with reactants than nonpolar solvents. 
The catalytic hydrogenation of p-nitrophenol to p-aminophenol were studied over 
Pt/C in 5 polar solvents with different dielectric constants using a batch slurry reactor[37]. 
Dielectric constant  measures ability to insulate charges between substances. Therefore 
higher  represent higher polarity. As listed in Table 2, water has the highest dielectric 
constant and thus a highly polar solvent among all. The least polar solvent is n-butanol 
with the smallest dielectric constant. The hydrogenation rate in those 5 solvents increased 
with dielectric constants, solvent polarity, and was enhanced from 0.342 kmol/kg⋅h to 
3.066 kmol/kg⋅h from switching n-butanol to water. The rate acceleration was 
considered to be the increase in interactions of nitro compounds in more polar 
solvents that increased the solution activity, a thermodynamic parameter, and the 
rate was enhanced. 
 
 






water 78.5 3.066 
methanol 32.6 2.160 
Ethanol 24.3 1.960 
n-propanol 20.1 1.790 
n-butanol 17.8 0.342 
a Reaction conditions: initial concentration of p-nitrophenol, 0.479 kmol/m3; 1% Pt/C, 0.266 kg/m3; solvent, 
310-5 m3; H2 pressure, 2.73 MPa; temperature, 353 K.  
 
On the contrary, hydrogenation of acetophenone over Ni/SiO2 in polar solvents 
demonstrated rate decrease with solvent polarity[39]. Liquid phase hydrogenation of 
acetophenone (AP) to 1-phenylethanol (PhE) was carried out in 10 solvents including 
protic solvents (C1-C3 alcohols), aprotic polar solvents (tetrahydrofuran, γ-butyrolactone, 
and acetonitrile) and apolar solvents (cyclohexeane, toluene, and benzene). The 
hydrogenation rate generally followed the order of protic solvents > apolar solvents > 
aprotic polar solvents, although there were exceptions. The initial rates and solvent 
polarities are presented in Table 3, and the data are plotted in Figure 4. Electric dipole 
moments, 𝜇, are also used to evaluate solvent polarities. Molecules is more polar when 𝜇 
is higher. In protic solvents, Figure 4 (a), the hydrogenation rate decreases with solvent 
polarities. Strong interactions between AP and alcohols hinders the adsorption of AP onto 
Ni surfaces. These solvent-solute interactions are mainly through dipole-dipole and H-
bonding. As the results, AP molecules are solvated in alcohols instead of going to the Ni 
surface due to strong polarities of protic solvents. For aprotic solvents, Figure 4 (b), and 
apolar solvents, Figure 4 (c), there are no clear trends in hydrogenation rate as a function 
of solvent polarities. Similar non-consistent results were also seen in selective 
hydrogenation of 2-methyl-3-butyn-2-ol by Nikoshivili et al[42]. The hydrogenation rate 
decreased with dielectric constants in polar solvents yet increased in non-polar solvents. 
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Table 3. Initial rates of AP hydrogenation in solvents and its dielectric constants and 





2-propanol (2-PrOH) 19.9 1.66 1.09  10-3 
1-pronanol (1-PrOH) 20.1 1.68 5.20  10-4 
ethanol (EtOH) 24.6 1.69 3.91  10-4 
cyclohexane (CHX) 2.02 0.00 2.91  10-4 
toluene (TOL) 2.38 0.37 2.03 10-4 
tetrahydrofuran(THF) 7.58 1.63 4.44  10-5 
γ-butyrolactone(GBL) 39.0 1.43 3.35  10-5 
methanol (MeOH) 32.7 1.70 2.75  10-5 
benzene (BZN) 2.28 0.00 0 
acetonitrile (ACN) 37.5 3.92 0 
a Reaction conditions: initial concentration of AP, 0.168 M; 7.6% Ni/SiO2, 0.5 g; solvent, 150 mL, H2 
pressure, 8.7 bar; temperature, 363 K. 
 
 
Figure 4. Initial rate of AP hydrogenation as a function of dielectric constants (𝜺) and 
electric dipole moments (𝝁) in (a) protic solvents, (b) aprotic polar solvents, and (c) 
apolar solvents. Reaction conditions: initial concentration of AP, 0.168 M; 7.6% 
Ni/SiO2, 0.5 g; solvent, 150 mL, H2 pressure, 8.7 bar; temperature, 363 K. (Adapted 
from [39]) 
Solvent polarities on hydrogenation rates have been investigated, however a 
consistent conclusion with a respect with solvent electronic properties are unsettled. 
Dielectric constant is widely considered as the macroscopic parameter to evaluate molecule 
electrostatic continuum. Unfortunately, it fails to distinguish between truly nonpolar 
solvents (e.g., cyclohexane), which chemical bonds are identical and nonpolar, and non-
dipolar solvents such as benzene, which chemical bonds are polarized although the 
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macroscopic electrostatic measurement indicates nonpolar as the result of electron 
delocalization. The higher-order multipole moments including quadrupole and octupole of 
those non-dipolar solvents can interact with surface adsorbed species and change the 
magnetic relaxation rate of the nucleus. The kinetic of rate may be influenced 
correspondingly[40]. 
3.2.2 Solvent effects related to thermodynamic non-ideality 
An inevitable issue arises in liquid phase reaction when reaction mixture becomes 
non-ideal mixture. The interactions within the reaction system, quantified by activity 
coefficient, affect the thermodynamic tendency towards equilibrium so that the number of 
surface species alters[34, 47]. Strong interactions of solvent and reactant results a low 
activity coefficient, representing that reactant prefers to be solvated within solvent. As a 
result, adsorption may be hindered on catalysts. On the contrary, weak interactions 
indicates a high activity coefficient and repels reactants to catalyst surface to facilitate 
adsorption. In another word, the adsorption of a non-polar reactant can be greatly favored 
in a polar solvent while a polar reactant can be promoted in a non-polar solvent[56]. 
Rajadhyaksha and Karwa[46] compared activity coefficients of the reactant o-
nitrotoluene in different solvents with its hydrogenation rate. The hydrogenation rate was 
found to increase with activity coefficient. When methanol was used as the solvent, the 
activity coefficient for reactant o-nitrotoluene evaluated by UNIFAC method was 5.1. In 
cyclohexanol, activity coefficient was 2.6, the lowest among all the solvents investigated 
at the same composition. The UNIFAC method had presented a better experimental 
agreement in highly polar solvents by Lo and Paulaitis[45]. The rate of o-nitrotuluene 
hydrogenation indicated the highest in methanol, followed by in 2-propanol, 2-butanol and 
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the lowest in cyclohexanol. The rate was in line with the activity coefficient. Therefore, a 
higher activity in a solution could result in an increased concentration of adsorption species 
on catalyst surface at a given concentration in the bulk phase. This resulted a better 
adsorption compared to those with low activity.  
3.2.3 Solvent effects related to solvent hydrogen solubility 
Liquid phase hydrogenation involves reactant adsorption on catalyst surfaces as the 
entry elementary step. Gas phase H2 firstly dissolves in solvents and then goes to the 
surface. It’s reasonable to relate solvent effect to hydrogen solubility. Thermodynamic 
analysis has indicated that hydrogen could influence the overall hydrogenation rate. 
Nevertheless, compare to other attributes such as competitive adsorption and intrinsic 
kinetics, the influence of hydrogen solubility is insignificant.  
Rautanen et al[49] carried out in hydrogenation of toluene in isooctane, n-heptane 
and cyclohexane over Ni/Al2O3. Kinetic modeling over a broad range of reaction 
conditions at 100 – 200 °C and 20 – 40 bar revealed that solvents didn’t compete with 
toluene adsorption and there were no other solvent effects. The difference between 
hydrogenation rates in solvents were attributed to the differences in H2 solubility, which 
had the same trend as the hydrogenation rate. 
Boudart et al. inspected solvent effect of cyclohexene hydrogenation over 
Pt/SiO2[35] and Pd/SiO2[36]. The comparison in Table 4 indicates that the effect of 
hydrogenation rate on H2 solubility depends on nature of catalysts. The turnover frequency 
(TOF) of cyclohexene hydrogenation over Pt/SiO2 increased with H2 solubility in different 
types of solvents. The highest TOF was found in solvent n-heptane. Over Pd/SiO2, TOF 
stayed relatively constant in non-aromatic solvents. H2 solubility didn’t increase nor 
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decrease hydrogenation rate. Although reactivity in benzene was inhibited, it was explained 
to be strong competitive adsorption of benzene on Pd/SiO2. 
Table 4. Turnover frequency (TOF) for hydrogenation of cyclohexene in different 
solvents over Pt/SiO2 and Pd/SiO2. (Adapted from [35, 36]) 
Solvent 
H2 solubility TOF over Pt/SiO2a TOF over Pd/SiO2b 
 106 (mol/cm3) (/s) (/s) 
cyclohexane 3.97 8.67 7.80 
n-heptane 4.85 12.57 7.95 
p-dioxane 1.90 4.84 / 
ethyl acetate 3.77 10.15 7.93 
methanol 3.40 7.92 7.85 
benzene 3.07 6.86 0.58 
cyclohexene 3.57 8.40 / 
a Reaction conditions: temperature 307 K; H2 pressure, 101.3 kPa; solvent, 20 cm3. 
b Reaction conditions: temperature 308 K; H2 pressure, 101.3 kPa; initial concentration, 0.24 M. 
 

















→ 2𝐻 ∗ (36) 
𝑅 +∗∗
 
⇔ ∗ 𝑅 ∗ 
(37) 
∗ 𝑅 ∗ + 𝐻 ∗
 
⇔  𝑅𝐻 ∗ + ∗∗ 
(38) 
𝑅𝐻 ∗ +𝐻 ∗
 
⇔𝑅𝐻2 + ∗∗ (39) 
Gas phase H2 is in equilibrium with liquid dissolved H2, which equilibrate with precursor 
states H2. Dissociative adsorption of precursor state H2 in Eq. (36) over Pt is irreversible 
and becomes the rate determining step while other steps are all quasi-equilibrated. 














Where 𝐾‡ is the reaction equilibrium between 𝐻2
𝑝
 to the activated complex before forming 















Since the rate determining step is an exothermic entry elementary step with a low activation 
energy, it’s considered as an early transition state. Therefore, activated complex in Eq. (36) 
closely assembles solvated H2 in liquid phase. Solvent solvation effect on 𝛾𝐻2𝑙
 and 𝛾‡ are 







Where hydrogenation rate is dependent on H2 solubility.  
On the contrary, cyclohexene hydrogenation in non-aromatic solvents over Pd/SiO2 
was demonstrated that surface reaction of adsorbed H and cyclohexene in Eq. (38) was the 
rate determining step. Surface reacting species 𝐻 ∗, ∗ 𝑅 ∗ and the activated complexes 
∗ 𝑅𝐻 ∗‡ are predominately influenced by strong chemical bonds to surface active sites[34]. 
Solvation does not play a role to initial states and transition states. The activities for both 
terms stayed in the rate expression, which was found to be independent of solvents. 
However, Singh and Vannice[48] suggested that solvent effect could also appear if 
the H2 adsorption process was a quasi-equilibrium. The Langmuir-Hinshelwood model was 
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applied as the surface rate expression and the solvent competitive adsorption was assumed 
negligible. The overall chemical potential of H2 adsorption on surface is 0. Integrating 
standard chemical potential (𝜇0) for gas phase H2 (𝜇𝐻2
0 |𝑛𝑜 𝑠𝑜𝑙𝑣), liquid phase H2(𝜇𝐻2
0 |𝑠𝑜𝑙𝑣),, 
surface adsorbed H (𝜇𝐻𝑆
0 ) and vacant sites (𝜇𝑆
0) in the presence of a solvent(solv) or without 
a solvent(no solv), surface coverage 𝜃𝐻𝑆 was derived as functions of H2 adsorption solvent-
independent equilibrium constant 𝐾𝐻, partial pressure 𝑃𝐻2, and a constant 𝛼, which was a 
























𝛼 accounted for solvent effect on vacant sites and adsorbed H such as solvent polarity. 
Given that no solvent effect took place in the system, 𝛼 would be 1. The surface coverage 
was therefore only a function of partial pressure and solvent in-dependent equilibrium 
constant, and the value would be constant in any solvents. The role of solvent was a 
transparent barrier for H2 availability to the surface, although it was presumed to be rare. 
The further expanding of the chemical potential of the 𝜇𝑆
0 and 𝜇𝐻𝑆
0  yielded 
𝛼 = exp (
𝜇𝐻2




In this case, 𝛼 related to Henry’s constant: 




Therefore, surface coverage adsorbed H in Eq. (44) can increase with increasing H2 
solubility under a given partial pressure depending on solvents used. Henry’s law describes 
that the amount of gas dissolved in liquid phase is proportional to its partial pressure in gas 
phase. It’s an equilibrium that connects concentration and pressure. The relationship 
between surface adsorbed hydrogen and liquid phase hydrogen concentration was 
examined by Cerveny et al.[57] on 5% Pt/C at 300 K. As shown in Figure 5, the 
concentration of surface adsorbed H increased with solvent hydrogen solubility. 
 
Figure 5. Relationship of surface adsorbed hydrogen and concentration of dissolved 
hydrogen in solvents. (Adapted from [56, 57]) 
The effect of H2 solubility on hydrogenation rates has been routinely investigated 
as an aspect of solvent effect. Nevertheless, no consistent correlation has been observed in 
wider range of solvents[39, 41-43]. Solubility does influence hydrogenation rate, although 
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it is never a dominant effect that attributes to observed solvent effect compared to other 
solvent effects. 
3.2.4 Solvent effects related to competitive adsorption 
The interactions of solvent-catalyst usually manifest the solvent co-adsorption on 
catalyst surfaces.  Since the reaction rate is a function of surface coverage of reactants, 
solvents partially block active sites and may decrease the surface coverage of reactants and 
therefore decrease the overall rate of hydrogenation. Therefore, hydrogenation kinetics 
using Langmuir-Hinshelwood model consider the solvent adsorption term.  
Kishida and Teranishi modeled the hydrogenation of acetone over Raney Ni 
catalyst and investigated the solvent effect in n-hexane, cyclohexane, methyl alcohol and 
isopropyl alcohol[51]. Langmuir-Hinshelwood kinetic model was derived incorporating 
solvent surface coverage 𝜃𝑆 in the site balance along with acetone surface coverage 𝜃𝐴 and 
hydrogen surface coverage 𝜃𝐻 as, 
𝜃𝐴 + 𝜃𝐻 + 𝜃𝑆 = 1 (48) 
The reaction rate 𝜐 was written as 
𝜐 = 𝑘𝜃𝐴𝜃𝐻 =
𝑘𝑎𝐴𝐶𝐴




Where 𝑎𝐴 and 𝑎𝑠 are correlated to the difference in free energies of adsorption between 

















As a matter of fact, 𝑎𝐴 and 𝑎𝑠 are modified equilibrium constants that represent adsorption 
of acetone and solvents. The mathematical kinetic model was able to capture the 
experimental data in Figure 6 and a typical L-H behavior was observed. The hydrogenation 
rate was the highest in n-hexane, followed by in cyclohexane, methyl alcohol and isopropyl 
alcohol. The effect of solvents on the reaction can be explained by difference of adsorption 
strength. The fitting parameters of 𝑎𝑠 was 0 L/mol, 0.084 L/mol, 0.123 L/mol and 0.389 
L/mol respectively to n-hexane, cyclohexane, methyl alcohol and isopropyl alcohol. 𝑎𝐴 
was 1.45 L/mol. Those modified equilibrium constants were in line with the solvent 
adsorption strength. However, the model didn’t describe the acetone hydrogenation in 
water represented in Figure 6, dash line, indicating that 𝑘 and 𝑎𝐴 changed in water. This 
discrepancy was speculated to be that interactions between water molecules and catalysts 
not only participated competitive adsorption, but also interacted with adsorbed acetone and 




Figure 6. Acetone hydrogenation of Raney nickel catalyst at 10 °C. ●, in n-hexane; 
◓, in cyclohexane; ○, in methyl alcohol; ◑, in isopropyl alcohol; - - -, in water. 
(Adapted from [51]) 
One way to justify the solvent competitive adsorption with reactant is heat of 
adsorption. In acetophenone(AP) hydrogenation over Ni/SiO2 by Bertero el al.[39], heat of 
adsorption of AP and 10 solvents, listed in Table 3, were measured by calorimetry. The 
initial hydrogenation rate as a function of solvent heat of adsorption are presented in Figure 
7. AP heat of adsorption of was around 19 kcal/mol, which was comparable to those of 
toluene(TOL), terahydrofuran (THF) and γ-butyrolactone (GBL); lower than those of 
benzene (BZN) and acetonitrile (ACN); higher than those of cyclohexane(CHX) and 
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alcohols. In non-polar solvents, rates decreased with the strength of adsorption, indicating 
TOL and BZN interacted stronger with Ni than AP. The reason for the rate inhibiting was 
caused by sites blocking. On the other hand, CHX with lower heat of adsorption had weaker 
interactions compared to AP, and rates were higher than those of BZN. Therefore, 
competitive adsorption of solvents was valid and it was the key parameter that generated 
solvent effect on AP hydrogenation when non-polar solvents were used. Similar 
phenomena were observed in aprotic polar solvents, THF, GBL and ACN. Although 
hydrogenation rates in aprotic solvents were much lower than that of non-polar solvents.  
This was due to the solvent-AP interaction discussed in 3.2.1Solvent effects related to 
electrical properties. Increased AP solvation in aprotic polar solvents hindered the 
adsorption.  Last not the least, rates in protic solvents, alcohols, were much higher yet the 
enthalpies of adsorption were lower than that of AP. Solvent competitive adsorption failed 





Figure 7. Hydrogenation rate as a function of heat of adsorption of solvents. Reaction 
conditions: T=363 K, P=10 bar, Wcat=0.5 g, CAP=0.168 M, Vsolvent=150 mL, stirring 
speed=700 rpm). (Adapted from [39]) 
3.2.5 Solvent effects related to intrinsic kinetics: alcohols and water 
In many studies, hydrogenation rates exhibit higher or enhanced activity in protic 
solvents such as alcohols and water[39, 41, 42, 58, 59]. From previous review on solvent 
effect, protic polar solvents demonstrate interactions with reactants through dipole-dipole 
and H-bonding. Those interactions assist protic solvents take part in the kinetically relevant 
steps that influence intrinsic kinetics. 
Alcohols acted as an additional H source to hydrogenate acetophenone to 1-
phenylethanol through H-transfer reaction[39]. Dissociative adsorption of alcohols formed 
alkoxides and atomic hydrogen through O-H bond scission. The atomic H participated AP 
hydrogenation and increased the rate. The further tests were carried out in the absence of 
gaseous H2 in 2-propanol, 1-propanol, ethanol and cyclohexane at reaction conditions with 
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N2. After 5 hours, acetophenone hydrogenation product 1-phenylethanol was detected in 
all alcohols, but there was no conversion in cyclohexane. As the result of H-transfer 
reaction, acetone was detected in 2-pronanol. The hydrogenation activity through H-
transfer reaction was the much higher in 2-propanol, followed by 1-propanol and slowest 
in ethanol. The reason was considered as secondary alcohols were better hydrogen donors 
than primary alcohols and atomic hydrogen were abundant on Ni surface when 2-propanol 
was used. Although primary alcohols as 1-propanol and ethanol were not good hydrogen 
donor solvents, the C=O bond in acetophenone could have been polarized through H-
bonding so that the overall reaction barrier was lowered. 
Generally, H-transfer is the mechanism that facilitates the hydrogenation reaction. 
Alcohols go through MPV (Meerwein-Ponndrof-Verley) reduction to provide extra H 
needed for ketone and aldehyde reduction to their corresponding alcohols on Lewis acid 
catalysts[60, 61]. Not only surface dissociated H atoms from gaseous H2 but also H atoms 
in alcohols involve in reactions.  
The similar interactions are discovered in the protic solvent water. Water 
participates hydrogenation reactions by involving in kinetically relevant steps during 
activation and changes the intrinsic kinetics.  
The presence of water may modify the local adsorption geometry and favor 
chemisorption of reacting species. Michel et al. investigated the effect of water on ketone 
hydrogenation over Ru using model compound acetone[62]. Ru has a poor activity towards 
acetone hydrogenation in gas phase compared to Pt. However, it’s more active in aqueous 
environment. The hydrogenation ability of 2-butanone over Ru/SiO2 was 30 times faster in 
water than in heptane[52]. The DFT calculations demonstrated that the adsorption 
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geometry of acetone over Ru (0001) changed in the presence of a water molecule co-
adsorbed. In the absence of water, as illustrated in Figure 8 (a), acetone adsorbed with C=O 
perpendicular to the surface with O bound on the surface. When a water molecule was co-
adsorbed, the oxygen in acetone formed a H-bond with water and the adsorption geometry 
became parallel to the surface as illustrated in Figure 8 (b). The influence of water 
stabilized the adsorption of acetone by 0.18 eV. Eventually, the effective activation barrier 
was decreased by 35%, promoting the hydrogenation rate in aqueous environment over Ru.  
 
Figure 8. Adsorption geometry of acetone on Ru (0001). (a) without water, (b) water 
is co-adsorbed. (Adapted from [62]) 
Moreover, bulk water molecules could solvate both metal and reactant species at 
the same time during reaction. The adsorption of reactants has been calculated to be a 
combination of solvent effects to both metal and reactant. Yoon et al. [63] investigated 
phenol hydrogenation on Pt and Ni in the presence of water.  The comparison of metal 
work function W in vapor and in water molecules indicated that W was reduced by 1.2 eV 
and 1.0 eV in Pt and Ni respectively in the aqueous solution. The decrease in W represents 
an induced surface dipole layer in which the net electron density transfers from water 
molecules to metal and thus metal is partially reduced. The higher reduction strength of 
38 
 
metal in the presence of water lead to a weaker adsorption of phenol, where the adsorption 
was referred to liquid solvated phenol constrained within the center of the water bulk slab. 
In Scheme 3, the heat of adsorption was -172 kJ/mol in vapor, however the adsorption 
energy in aqueous phase was lowered to -151 kJ/mol on Pt due to the water modification 
on metal surface electron density. Nevertheless, the reference state is all in vapor. The 
solvation energy of gas phase phenol to aqueous phase phenol, -58 kJ/mol, had been 
accounted for. The overall phenol adsorption energy was -209 kJ/mol, which was the 
combination of solvation energy and the adsorption. The difference of surface adsorbed 
phenol in vapor and in aqueous phase was -37 kJ/mol, smaller than that of the solvation of 
gas free phenol to aqueous phase. Because the surface-bound species were partially 
solvated. 
 
Scheme 3. Thermodynamic cycle for phenol adsorption on Pt (111)/Ni (111) in vapor 
and liquid phases. Unit is kJ/mol. (Adapted from [63]) 
Bulk water molecules can also take part in reaction activation and solvate charged 
reactive states and stabilize hydrogenation intermediates through water H-bonding 
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network[52, 53, 55, 63, 64]. The H-bonding stabilization effect on hydrogenation of 2-
butanone has been investigated over Ru/SiO2 by Akpa et al.[52]. In the presence of water 
or 2-propanol, the hydroxyl route, which the oxygen hydrogenation was the first step, had 
been found to more favorable than alkoxy route, which the carbon hydrogenation was first 
step. Both hydrogen and the oxygen in the transition state forming the hydroxybutyl 
intermediate, the first hydrogenation intermediate, interact with water molecules within the 
local solvation sphere via H-bonding, which decreased the activation barrier from 64 
kJ/mol, in vapor, to 20 kJ/mol, in water. When 2-propanol was used as the solvent, the 
activation barrier was lowered from 64 kJ/mol to 32 kJ/mol, although the relative 
stabilization of the same transition states was not as strong as in the case of water. The 
second hydrogenation step, hydrogenation of the carbon, was slightly favored by the H-
bonding interactions, yielding less activation barrier in water and 2-propanol than in vapor 
and they were 68 kJ/mol, 70 kJ/mol and 72 kJ/mol respectively. 
Apart from water changes reactant adsorption geometer, modifies metal surface 
electron density and stabilizes surface adsorbed species, water mediated H-shuttling serves 
as a co-catalyst that provides an alternative hydrogenation pathway, which lowers reaction 
activation energy[53]. 
Fischer-Tropsch Synthesis (FTS) was greatly enhanced by co-feeding water with 
CO and H2 over ruthenium[53]. Kinetically relevant steps of CO activation had been 
facilitated via water H-shuttling effect. There are routes for surface CO activation. Formyl 
route involves hydrogenation of the carbon followed by the hydrogenation of the oxygen. 
However, hydroxymethylidyne route inclues hydrogenation of the oxygen first and then 
the carbon. The energy diagram for both routes in vacuum, Figure 9 (a), had high energy 
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barrier for both routes. In the presence of water, Figure 9 (b), the transition state energy for 
the first hydrogenation of the oxygen in hydroxymethylidyne route had been decreased 
from 186 kJ/mol to 111 kJ/mol, and the second hydrogenation of the carbon was slightly 
favored by water. The energy was reduced from 123 kJ/mol to 111 kJ/mol. The significant 
activation energy reduction appeared during the formation of COH* via water H-shuttling 
effect in Figure 10, where the water molecule picked up a surface H atom and shuttled it 
to the oxygen of surface CO*. The H-shuttling process reduced the transition state energy 
of first hydrogenation step to 111 kJ/mol, resulting a rate increase since the energy barrier 
for CO activation was 109 kJ/mol, while the overall energy barrier was 152 kJ/mol without 




Figure 9. Reaction coordinate diagrams for CO activation mechanisms over Ru. 
Intrinsic activation barriers are in italics and effective barriers are in bold. (a) in 






Figure 10. DFT-derived structures for water-mediated hydroxymethylidyne route. H 
atom is highlighted in yellow and distances are in nm. (Adapted from [53]) 
In addition, solvent is capable of transporting charged reaction species. Especially 
in water, long-range proton hopping, known as the Grotthuss mechanism, transfers protons 
through the H-bonding network with a low activation barrier of around 10 kJ/mol[65], 
making the H sources more accessible. Grotthuss-like mechanism mediates the diffusion 
of surface H atoms over heterogeneous catalyst surface, activating the fast and long-range 
proton diffusion at the catalyst interface. Merte el al. conducted the STM (high-resolution, 
high-speed scanning tunneling microscopy) of the diffusion of H atoms on FeO/Pt and 
demonstrated a rapid H diffusion in the presence of a water molecule[66]. The DFT 
calculation further indicated that partition of a water molecule during proton hopping 
implements the formation of an H3O+-like transition state, which lowered the activation 









Considerable amount of biomass conversions to high value products has been 
conducted in liquid-phase conditions. Bio-oil, produced by fast pyrolysis, is highly viscous 
and oxygenated liquid with a large portion of water[67]. Biomass upgrading in liquid 
environment is a superior strategy since the application of solvents could not only lower 
the energy consumption with mild reaction conditions, dissolve reactants, products and 
transfer heat but also provide an additional degree of freedom to engineer reactions[30]. 
The observed rate change when applying different solvents to a chemical reaction is solvent 
effect[29]. In heterogeneous catalysis, studies have investigated the phenomena based on 
solvent interactions in the liquid-phase system such as solvent-reactant, solvent-catalyst 
and solvent-solvent interactions. Many aspects attributed to solvent effects on 
hydrogenation have been investigated such as solvent electrical properties[37-43], 
thermodynamic non-ideality[34, 45-47], solvent hydrogen solubility[34, 35, 42, 43, 48, 
49], solvent competitive adsorption[39, 40, 50, 51], intrinsic kinetics[52-55], and so forth. 
The detailed discussions are presented in Chapter 3: Solvent Effect Due to the diversity 
and complexity of biomass-derived compounds, solvent effects could be initiated by 
multiple aspects all combined together[39].  
Kinetic modeling and surface science studies have been employed to give insights 
on surface reactions. An accurate kinetic model not only describes experimental 
                                                 
* DFT calculations were performed by Dr. Qiaohua Tan and Tong Mou; 
  TEM images were taken by Brent Johnson and Lisa Whitworth at Oklahoma State University. 
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phenomena mathematically, fulfills predictions for wider range of process conditions, but 
also provides valuable information for theoretical calculations. Hereby, kinetic fittings for 
equilibrium and rate constants are inevitable in order to develop systematic theories. 
Constructed from fundamental kinetics of elementary reaction steps, microkinetic models 
cover a broader range of reaction conditions with improved accuracy by taking into account 
of molecular transformation on catalyst surfaces[68]. Therefore, thermodynamic properties 
such as entropy change and enthalpy change during adsorption and reaction can be 
interpreted. Moreover, the theoretical calculations on surface reactions have demonstrated 
significant insights on analyzing energy profiles such as heat of adsorption and reaction 
activation. The prediction from theoretical calculation can then be validated by parameters 
obtained experimentally from kinetic studies.  
In order to achieve fundamental understandings on solvent effect and reaction 
mechanisms, kinetic studies on a cleaner and simpler reaction in inert solvents are much 
preferred.  
Hydrogenation of cyclohexene has been studied in both gas phase and liquid phase 
over supported metal catalysts[35, 36, 69-74]. The effect of solvent over supported Pd[36] 
has been revealed that the reaction rate is independent of inert solvents under 264-308 K 
reaction temperature, as well as 4-89 kPa hydrogen partial pressure with atmospheric total 
pressure. The reaction orders under these reaction conditions have been found to be 0.5th 
order with respect of hydrogen and 0th order based on cyclohexene. However, the reaction 
kinetic and the possible solvent effect in much wider range of H2 pressure at higher 
temperature has not been investigated. Meanwhile, an inevitable issue arises in liquid phase 
reaction when reaction mixture becomes non-ideal mixture. The interactions within the 
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reaction system, quantified by activity coefficient, affect the thermodynamic tendency 
towards equilibrium[34, 47] so that the number of surface species alters. A higher activity 
in a solution can result in an increased concentration of adsorption species on catalyst 
surface at a given concentration in the bulk phase[46]. On the contrary, a lower activity can 
result in an decrease concentration of desorption species on catalyst to achieve higher 
product solubility in a solution[34, 75]. Therefore, the reaction rates and product 
distributions may be changed accordingly. It is necessary to incorporate activity coefficient 
into kinetic models to represent the non-ideality of liquid phase reactions.  
In this chapter, three inert nonpolar solvents, heptane, methylcyclohexane and 
decalin have been used in cyclohexene hydrogenation. Wider reaction conditions ranging 
from 30 psi to 600 psi of hydrogen under 40 C – 100 C have been utilized. The kinetic 
reveals that H2 dissociative adsorption happens on different sites that don’t compete with 
cyclohexene and solvent. Moreover, benchmarked by DFT calculation on the reaction 
energy barrier, the first hydrogenation step of surface cyclohexene species is the rate 
determining step. The solvent effect is due to solvent competitive adsorption and has been 
quantified as different surface coverages of reactant cyclohexene and solvents. The effect 
of solvent competitive adsorption on surface coverage has been further demonstrated in 
co-solvent mixture in which non-ideality of solution mixture could have great impacts on 
reaction rates. Last not the least, combined with the statistical thermodynamic analysis, the 
kinetic fittings on entropy of adsorption ΔS unveil that surface cyclohexene and hydrogen 
retain a certain amount of entropy based on their degree of freedom. The corresponding 
enthalpies of adsorption ΔH acquired are comparable with DFT studies, which simulate 
the experimental conditions. The enthalpy of adsorption is also coverage dependent. 
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Cyclohexene and hydrogen release more heat, more negative value of heat of adsorption, 
when absorbed on a clean surface. As coverage increases, the heat of adsorption decreases 
linearly and its value becomes less negative. 
4.2 Experimental 
4.2.1 Catalyst synthesis 
The catalyst used in this study was synthesized by conventional incipient wetness 
impregnation. 0.25 wt.% Pd/-Al2O3 was considered to potentially minimize the effect of 
mass transfer. Non-porous material -Al2O3 had been applied to eliminate the internal 
mass transfer and the low metal loading had been applied so that the measured rates are 
within kinetic regimes. Since alpha phase Al2O3 is acquired by calcination in between 1000 
C – 1200 C[76], support acidity is therefore negligible. The aqueous solution of catalyst 
precursor palladium(II) nitrate dihydrate (Sigma-Aldrich) was added drop by drop onto the 
catalyst support -Al2O3 (Sigma-Aldrich) followed by drying at 70C overnight. The 
sample was then calcined in air for 6 h at 300C. 
4.2.2 Characterization 
Supported 0.25 wt.% Pd catalysts were characterized in a transmission electron 
microscope JEOL JEM-2100, operating with an accelerating voltage of 200 kV, equipped 
with LaB6 gun. The TEM sample was prepared by drop-casting a solution, which pre-
reduced 0.25 wt.% Pd/-Al2O3 was well dispersed in propanol by sonication, onto a holey 
carbon film mounted on a copper TEM grid. The Pd particles were analyzed using ImageJ 
to acquire particle size distribution and surface structure. 
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4.2.3 Catalytic reaction  
The liquid-phase catalytic reactions of cyclohexene hydrogenation were carried out 
in the 300 mL high temperature and high pressure Parr batch reactor equipped with IR 
probe (Mettler Toledo ReactIR iC 10) for in-situ spectroscopic investigations[77]. The 
reactor setups are illustrated in Figure 11. 
 
Figure 11. Parr reactor equipped with ATR-IR probe and the IR spectra of 
cyclohexene. (Adapted from [77]) 
Aprotic inert solvents used in the study were heptane (Sigma-Aldrich, anhydrous, 
99%) methylcyclohexane (Sigma-Aldrich, anhydrous, 99%), decalin (Sigma-Aldrich, 
anhydrous, 99%). The reactant cyclohexene (Sigma-Aldrich, BHT as inhibitor, 99%) 
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was first distillated in N2 flow at 50C to separate the inhibitor BHT. The distillated 
cyclohexene was then filtered through a column packed with -Al2O3 (Alfa Aesar) to 
remove trace amount of other impurities that may cause serious catalyst deactivation during 
reaction. The purified cyclohexene was stored in a freezer when not being used.  
Certain amount of catalyst 0.25 wt.% Pd/-Al2O3 and 100 mL solvent were initially 
charged into the reactor vessel. Catalyst was reduced in excess hydrogen at 100C[78] for 
an hour. 20 mL of reactant feed containing cyclohexene was pressurized in the reactor 
vessel to the desired pressure at the reaction temperature ranging from 40C to 100C. The 
reaction pressure had been varied widely from 35 psi to 600 psi. For co-solvent mixture, 
the second solvent was added along with the catalyst at the beginning of the reduction. 
The IR probe allows the in-situ quantification of liquid phase cyclohexene 
hydrogenation. Before the reactant injection, the probe scanned and subtracted the 
background. When the reactant feed was purged in the vessel, the reaction started. The scan 
took place every minute. The characteristic IR absorption frequencies of 1139 cm-1 (CH2 
rock) and 719 cm-1 (C-H out-of-plane bending)[79] on the acquired IR spectrum were 
utilized for quantifications due to the uniqueness that they only appeared in cyclohexene 
(Figure 11) . By plotting the cyclohexene concentration change as the function of time, 
hydrogenation reaction rate was achieved by measuring the slope of the reaction IR profile. 
After reaction, the liquid phase was analyzed by 7890B Agilent GC-FID equipped 
with ZB-5 GC column. The conversion calculated from GC results were compared with IR 




Conversion is defined by the following equation: 
𝑥% =
𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑒𝑑
× 100% 
(52) 
4.3 Results and discussion 
4.3.1 Pd particle distribution and surface structure 
The TEM images of 0.25 wt.% Pd/-Al2O3 is presented in Figure 12. Pd particles 
are homogenously dispersed on the support -Al2O3. More than hundreds of Pd particles 
have been measured using ImageJ and the histogram of particle size distribution is plotted 
in Figure 12 (b). The surface-weighted average diameter is calculated to be 3.13 nm. The 
corresponding surface Pd dispersion is then determined to be 36%[80]. Therefore, the total 




Figure 12. (a) TEM image of 0.25 wt.% Pd/a-Al2O3. (b) Histogram of Pd particles size 
distribution. (c) HRTEM image of Pd particles. 
HRTEM images on surface Pd clusters illustrate the crystal structure. The lattice 
fringes in in Figure 12 (c) indicate crystallographic planes of Pd. Since the distance 
between two adjacent parallel planes of atoms is a function of atomic radii and the Miller 
indices (h, k, and l)[81], the spacing can be acquired. The empirical Pd atomic radii is 1.40 
Å[82], and therefore the spacing for {111}, {110}, {100}, are theoretically 2.29 Å, 2.80 Å 
and 3.96 Å respectively. The average distance measured from TEM images is 2.35 Å, 
which is closer to 2.29 Å. Therefore, the surface Pd clusters of 0.25 wt.% Pd/-Al2O3 are 
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composed of mostly (111) planes. The theoretical calculations had utilized closed-packed 
Pd (111) to model the catalyst. 
4.3.2 Catalyst deactivation and kinetic regime 
Cyclohexene hydrogenation reactions were conducted in three aprotic inert solvent, 
heptane, methylcyclohexane and decalin. The catalyst deactivation was evaluated first 
before the kinetic measurement.  
Two different amounts of catalysts, 100 mg and 200 mg, were used for the reaction 
at the conditions of 70C and 560 psi of H2 for 45 min. The IR probe provides the 
advantages that the reaction profile with different amount of catalysts can be investigated 
with high-time resolution. As shown in Figure 13, the reaction profile of cyclohexene 
hydrogenation in heptane is presented on a diagram that x-axis has been plotted as the 
reaction time multiplied by the catalyst mass. In this way, reactions with different amount 
of catalyst are able to be compared on the same scale. Provided there was no catalyst 
deactivate, the reaction time needed to achieve the same conversion should be inversely 
proportional to the amount of catalyst used. Therefore, the experimental data using 
different amount of catalyst would overlap on the conversion vs. time ×  mass plot. 
However, the reaction with 100 mg of catalyst shows a slight deactivation compared to 
reaction with 200 mg of catalysts as the conversion becomes less and less after 20 min of 
the reaction. The same experiments were conducted in other two solvents. Reactions in 
methylcyclohexane and decalin also expresses slight deactivation after 20 min of reaction 
time. Furthermore, the only product in all pressure range is cyclohexane, and neither 
benzene formation nor rapid deactivation is observed even under low H2 pressure, 30 psi. 
The deactivation is minimized on 0.25wt. % Pd/-Al2O3. The kinetic hydrogenation rate 
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has been measured only by applying the first 20 min IR profile when the catalyst hasn’t 
been deactivated.  
 
Figure 13. Deactivation study on 0.25 wt.% Pd/a-Al2O3. Reaction conditions: solvent 
heptane, H2 pressure 560 psi, temperature 70 °C, cyclohexene initial concentration 
0.42 M. 
In order to acquire the true kinetic rate, mass transfer tests were carried out to assure 
the reaction conditions were free of transfer limitations. Since the reactions are conducted 
in liquid phase, heat transfer is not dominant due to the high heat capacities and good 
thermal conductivities of solvents[56]. The mass transfers in the liquid phase reaction can 
be categorized as gas to liquid, liquid bulk to catalyst surface and catalyst surface reactants 
diffusion to internal pores.  
The catalyst support chosen in the study is non-porous -Al2O3 with only 0.012 
cm3/g pore volumes measured by N2 physisorption. Pd metal particles only covers the 
support surface, therefore the internal mass transfer can be excluded. The external mass 
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transfer tests were done by changing the stirring speed of the reaction. Additionally, H2 
transfer test from gas phase to liquid were carried out by changing the amount of catalysts. 
The mass transfer tests are concluded in Figure 14. The cyclohexene hydrogenation rate 
doesn’t increase with the increasing stirring speed from 500 rpm to 600 rpm. Furthermore, 
the hydrogenation rate increases by two times as the catalyst amount doubles. Under the 
conditions of 70 C 560 psi of H2 and 500 rpm, cyclohexene hydrogenation is free from 
transfer limitations. The transport tests were also conducted under higher temperature, 
higher pressure of 100 C, 600 psi of H2 in heptane and the hydrogenation was free of 
external mass transfer.   
 
Figure 14. External mass transfer test. Reaction conditions: solvent heptane, H2 
pressure 560 psi, temperature 70 °C, cyclohexene initial concentration 0.42 M. 
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4.3.3 Kinetic models 
The cyclohexene hydrogenation in three aprotic inert solvents were investigated. 
Under kinetic regime, the reaction rate differed when changing operating conditions. The 
Langmuir-Hinshelwood kinetic approach was utilized to model the solvent effect. The 
detailed discussions are presented in Chapter 2: 2.1 Langmuir-Hinshelwood Kinetic 
Model. The approach describes cyclohexene hydrogenation in the sequence which includes 
the crucial steps as surface adsorption, surface reaction and surface desorption. The 








↔ 2𝐻𝑆 (54) 
𝐸 +  𝑆 
𝐾𝐸
↔ 𝐸𝑆 (55) 
𝐸𝑆 +  𝐻𝑆
𝑘3
→𝐸𝐻𝑆 +  𝑆 (56) 
𝐸𝐻𝑆 + 𝐻𝑆 
𝑘4
→𝐴𝑆 +  𝑆 (57) 
𝐴𝑆
𝐾𝐴
↔  𝐴 +  𝑆 (58) 
𝑆𝑜𝑙𝑣𝑒𝑛𝑡 + 𝑆
𝐾𝑆
↔  𝑆𝑜𝑙𝑣𝑒𝑛𝑡𝑆 (59) 
The sites balance could be derived using surface coverage, 𝑖. There are two types 
site balance depending on the assumptions; one gives the site balance where all species 
adsorb on the same site as[40]  
1 =  𝜃𝑣 + 𝜃𝐻𝑆 + 𝜃𝐸𝑆 + 𝜃𝐸𝐻𝑆 + 𝜃𝐴𝑆 + 𝜃𝑆𝑜𝑙𝑣𝑒𝑛𝑡𝑆 (60) 
The other separates the sites where reacting species and solvent adsorb on same site, yet 
H2 adsorbs on different sites as[19, 83] 
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1 = 𝜃𝑣1 + 𝜃𝐻𝑆1 (61) 
1 = 𝜃𝑣2 + 𝜃𝐸𝑆2 + 𝜃𝐸𝐻𝑆2 + 𝜃𝐴𝑆2 + 𝜃𝑆𝑜𝑙𝑣𝑒𝑛𝑡𝑆2 (62) 
The surface reaction is the rate determining step (RDS) and other steps are in quasi-
equilibrium. However, depending on whichever step has the highest the activation energy, 
one of the two surface hydrogenation steps becomes irreversible rate determining step. 
Furthermore, much smaller H2 atoms could alternatively be adsorbed on the high-
coordinated three-fold fcc sites[84-87] without competing atop with other surface reacting 
species and solvents. Therefore, the possible kinetic models for the liquid-phase 
cyclohexene hydrogenation consist of four combinations. The scenarios are whether the 
first hydrogenation or the second hydrogenation is the rate determining step, H2 is absorbed 
on the same sites or different sites as other surface species.  
For liquid phase reaction, reactants are dissolved in solvents before reaching the 
catalyst surface. However, in non-ideal liquid phase reactions, the interactions between 
solvent-solute or solvent-solvent lead to the deviation from ideal solution mixture and 
could potentially affect the concentration of surface adsorbed species by influencing the 
tendency towards equilibrium. The thermodynamic activity, 𝑎 = 𝐶, is needed to quantify 
the such interactions. Since liquid phase H2 is in equilibrium with gas phase H2 which 
activity coefficient is unity, only activity coefficients of cyclohexene and solvents are 
considered in the rate expression. In order to represent the non-ideal behaviors of the 
reaction system, the UNIQUAC estimation in ASPEN Plus was utilized for activity 
coefficient calculations due to the reliable application for wide range of mixtures[88]. The 
activity coefficients at infinite dilution for solutes in solvents are listed in Table 5. Reactant 
cyclohexene, as the solute, illustrated ideal mixture behaviors in methylcyclohexane and 
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decalin, because the activity coefficient 
𝐸
≈ 1 at infinite dilution. Although cyclohexene 
in heptane showed non-ideality, the deviation from the ideal solution is much less 
comparing with the solvent mixture of decalin in heptane.  
Table 5. Activity coefficient at infinite dilution. 
 
Solvent     
Solute 
Heptane Methylcyclohexane Decalin Cyclohexene 
Heptane 1 1.02 1.82 1.09 
Methylcyclohexane 1.04 1 1.02 1.03 
Decalin 1.51 1.03 1 0.97 
Cyclohexene 1.06 1.02 0.97 1 
 
The kinetic models of non-ideal liquid-phase cyclohexene hydrogenation are listed 
in Table 6. The reaction order with respect of H2 and cyclohexene are analyzed. In the first 
scenario, H2 adsorbs on the same sites as reactant cyclohexene and solvent, meanwhile the 
rate determining step is the first hydrogenation step. At very low H2 partial pressure, the 
H2 adsorption term √𝑃𝐻2𝐾𝐻2  in the denominator becomes much negligible than other 
adsorption terms yielding the rate expression to be 0.5th order with respect of H2 partial 
pressure. On the contrary, when the reaction is under high H2 pressure, H2 adsorption term 
becomes dominant so that other adsorption terms could be negligible. Therefore, the rate 
expression becomes -0.5 order with respect of H2. The same approach is applied to 
cyclohexene concentration in the liquid phase to acquire the reaction order based on 





















































































































































































































































































































































































4.3.4 True kinetic model and DFT studies 
Among the four different scenarios in Table 6, there is only one circumstance that 
reflects the true kinetic of the surface reaction. Cyclohexene hydrogenation was conducted 
in three solvents under a wide range of H2 pressure. The kinetic analysis unveils that third 
scenario when the H2 adsorbed on different sites and the first hydrogenation is the rate 
determining step is the true kinetic on the Pd catalyst surface. The results are consistent 
with liquid phase hydrogenation of benzene over Pd[48]. 
The experimental data and the kinetic model fitting are presented in Figure 15.  For 
experimental data in all solvents, hydrogenation rate increases with H2 pressure. Activity 
in heptane is the highest followed by in methylcyclohexane and then in decalin. However, 
for all the solvents the rate maintains the same as H2 pressure increased from 350 psi to 
560 psi indicating the reaction order with respect of H2 at high H2 pressure is 0th order. 
Therefore, the first scenario could be excluded since its kinetic illustrates a decrease in rate 
when H2 pressure keeps increasing at high H2 pressure operation conditions, yet other three 




Figure 15. Hydrogenation as a function of H2 pressure in three solvents fitted with the 
third scenario where hydrogen and reactant adsorb on different sites and the RDS is 
the first hydrogenation. Reaction conditions: temperature 70 °C, cyclohexene initial 
concentration 0.42 M. 
 
Figure 16. Hydrogenation as a function of cyclohexene concentration in three solvents 
fitted with the third scenario where hydrogen and reactant adsorb on different sites 
and the RDS is the first hydrogenation. Reaction conditions: temperature 70 °C, H2 
pressure 560 psi. 
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The kinetic based on cyclohexene concentration change was investigated by 
operating reactions at the fixed high H2 pressure. The cyclohexene concentration was 
varied from 0.2 M to 0.7 M as shown in Figure 16. For all three solvents, the hydrogenation 
rate increases with cyclohexene concentration. The reaction orders based on cyclohexene 
are 0.18th, 0.35th and 0.83th in heptane, methylcyclohexane and decalin respectively. 
However, the hydrogenation activity doesn’t decrease with cyclohexene, which eliminates 
the possibility of the second scenario as the reaction order became -1th when cyclohexene 
concentration increases.  
So far, the first two scenarios have been excluded from the above interpretation. 
It’s clear that H2 dissociative adsorption doesn’t happen on the same sites with reactant 
cyclohexene and solvent adsorption. Both circumstances exhibit the rate decrease as either 
the H2 pressure or the cyclohexene concentration increase due to the competitive 
adsorption of H2 with other surface adsorption species. On the contrary, hydrogenation 
reaction turns into 0th order with respect of hydrogen pressure and cyclohexene 
concentration for the scenarios when H2 is adsorbed on different sites that don’t compete 
with other surface species. In fact, STM study has found that H atoms adsorb on the three-
fold fcc sites[86] over Pd (111) surface.  
Even at high H2 pressure, as shown in both Figure 15 and Figure 16, there are still 
significant rate differences in three solvents. The observed solvent effect could be 
explained by the solvent adsorption term in the rate expressions. In scenario 4, the second 
hydrogenation is the rate determining step, the first hydrogenation of surface ES and HS is 
in quasi-equilibrium. Despite the H2 dissociative adsorption on different sites, the 
adsorption term in the denominator includes not only surface cyclohexene and a 
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solvent, 1 + 𝐾𝐸𝑎𝐸 + 𝐾𝑠𝑎𝑠 , but also the first hydrogenation product,𝐾𝐸∗2𝐾𝐸𝑎𝐸√𝑃𝐻2𝐾𝐻2 . 
When reactions are carried out under high H2 pressure, hydrogenation term √𝑃𝐻2𝐾𝐻2 
becomes dominant. 𝐾𝐸∗2𝐾𝐸𝑎𝐸√𝑃𝐻2𝐾𝐻2  overpowers 1 + 𝐾𝐸𝑎𝐸 + 𝐾𝑠𝑎𝑠  resulting in the 
situation that the rate expression under this condition should have be independent of solvent 
because the contribution from the solvent terms is insignificant than H2. In other words, 
solvent effect should have disappeared and hydrogenation rate should have become the 
same in all solvents investigated in this study. As terms of scenario 3, the rate determining 
step is the first hydrogenation, the second hydrogenation step is in quasi-equilibrium. When 
√𝑃𝐻2𝐾𝐻2 overrules, the effect only takes place on the different sites that H2 adsorbs on and 
the sites for cyclohexene and a solvent remain intact. In this way, the solvent adsorption 
term 𝐾𝑠𝑎𝑠 does have the influence on the overall hydrogenation rate.  
The experimental data was modelled utilizing the rate expression in scenario 3. The 
results are presented as smooth curves on Figure 15 and Figure 16. The H2 reaction order 
at low pressure which ranges from 0 psi to 5 psi is found to be the 0.4th order and is closer 
to the 0.5th order in the scenario 3. Reaction order decreases with H2 pressure and reaches 
0th order in all solvents at high H2 pressure. As far as reaction order on cyclohexene under 
low concentration yet high H2 pressure, the model illustrates the 0.7th, 0.9th and 1th order 
based on reactions in heptane, methylcyclohexane and decalin respectively. The reaction 
order approaches to the 0th order as cyclohexene concentration increases in three solvents 
eventually. The reaction orders acquired from kinetic model is consistent with Gonzo and 
Boudart’s kinetic studies[36] on cyclohexene hydrogenation. At atmospheric conditions, 
the cyclohexene hydrogenation has also been found to be the 0.5th order with respect of H2 
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partial pressure and 0th order based on cyclohexene concentration.  The kinetic model 
predicts that the solvent effect will gradually disappear as the cyclohexene concentration 
keeps increasing. 
The kinetic studies have illustrated the cyclohexene hydrogenation surface 
mechanism, which H2 adsorbs on different sites and the rate determining step is the first 
hydrogenation reaction. This was further confirmed by our DFT calculations (Appendix: 
DFT calculations in Chapter 4). As shown in the energy diagram of the hydrogenation of 
cyclohexene on Pd(111) in Figure 17, the energy barrier for the first hydrogenation step of 
cyclohexene is calculated to be 94 kJ/mol, which is about 30 kJ/mol higher than the energy 
barrier for the second hydrogenation step on the clean Pd(111) surface, confirming that the 
first hydrogenation step is likely to be the rate determining step. This also holds at high H 
coverage, as shown in the energy diagram on the Pd(111) covered with 7/9 ML H* in 
Figure 17. On the 7/9 H* covered Pd(111) surface, the energy barrier for the first 
hydrogenation step of cyclohexene is calculated to be 88 kJ/mol, which is slightly lower 
than that on the clean Pd(111) surface, but is still much higher than the barrier for the 
second hydrogenation step (45 kJ/mol). This agrees with the experiments that the rate 
expression in scenario 3 in Table 6 describe the kinetics of the hydrogenation of 





Figure 17. DFT calculated potential energy diagram for the hydrogenation of 
cyclohexene on clean Pd (111). 
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4.3.5 Solvent effect and solvent non-ideality 
The observed solvent effect is mainly due to the solvent competitive adsorption 
with cyclohexene. The kinetic parameters acquired from the fitting in Table 7 further 
demonstrates adsorption constants on the catalyst surface. The strongest adsorption comes 
from reactant cyclohexene followed by the solvent decalin. Heptane and 
methylcyclohexane have a much weaker adsorption on the catalyst surface compared with 
cyclohexene and decalin. With the weakest interactions with active sites of heptane, 
catalyst surface is covered mostly by cyclohexene and hydrogen. The adsorption of 
cyclohexene and the three solvents decalin, methylcyclohexane and heptane were 
calculated. Their adsorption modes are shown in Figure A1 and the adsorption energies 
without the consideration of vdw interactions were listed in Table 8. It shows that the order 
of the adsorption energies of cyclohexene and the three solvents is consistent with the 
experiment fitted adsorption constants that cyclohexene > decalin > cyclohexane > 
heptane.      
Table 7. Kinetic model fitting parameters. 
 In heptane In methylcyclohexane In decalin 
𝑘3, mol/L·min·g 0.022 0.022 0.022 
𝐾𝐻2, psi
-1 0.018 0.018 0.018 
𝐾𝐸, L/mol 5.621 5.621 5.621 
𝐾𝑠𝑜𝑙𝑣 𝐻𝑒𝑝, L/mol 0.000   
𝐾𝑠𝑜𝑙𝑣 𝑀𝑎, L/mol  0.491  
𝐾𝑠𝑜𝑙𝑣 𝐷𝑙, L/mol   4.370 
 
Table 8. DFT calculated adsorption energies of cyclohexene, decalin, 
methylcyclohexane and heptane without vdw interactions. 
 Cyclohexene Heptane Methylcyclohexane Decalin 




To further demonstrate the solvent competitive adsorption, cyclohexene 
hydrogenation was conducted in co-solvent mixture. The primary solvent was heptane 
since the adsorption was negligible among all the solvents, and any additional solvent could 
reveal the solvent effect if it had stronger adsorption. Therefore, the secondary solvent was 
added to create a solvent mixture with different compositions. The results are plotted in 
Figure 18. With the additional solvent, the hydrogenation rate decreases in both solvent 
mixtures. Since the adsorption constant for decalin is 4.370 L/mol and the 0.491 L/mol for 
methylcyclohexane, the rate decrease when adding decalin is drastically even with a small 
amount of decalin.  
 
Figure 18. Hydrogenation in co-solvent mixtures. Reaction conditions: temperature 
70 °C, H2 pressure 560 psi, cyclohexene initial concentration 0.42 M. 
The present of decalin gave rise to the strong adsorption that essentially altered the 
catalyst surface coverage by competing with other surface species. The comparisons of 
surface coverage under same reaction conditions is listed in Table 9. The calculations were 
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done by applying the kinetic parameters achieved in Table 7 and the reaction conditions 
were chosen to be at the 560 psi of H2 and 0.42 M of cyclohexene. Gonzo and Boudart[36] 
have unveiled that reaction rate doesn’t change with solvents H2 solubility in cyclohexene 
hydrogenation over Pd catalysts. Therefore, the surface coverage and the vacant sites for 
H2 adsorption are the same for all solvents since H2 adsorbs on different sites that don’t 
compete with other surface species. In pure solvents, cyclohexene surface coverage varies 
with solvents. In heptane, 71% of the surface is all covered with reactant cyclohexene since 
heptane doesn’t absorb on the surface. The hydrogenation rate is directly related to the 
surface coverage of cyclohexene and hydrogen. Higher coverage of cyclohexene leads to 
the better hydrogenation activity. However, when 5 mol.% of decalin was introduced, the 
hydrogenation decreased rapidly. The surface coverage of cyclohexene changes from 71%, 
in pure heptane, to 43%, in decalin and heptane mixture. Decalin occupies the surface 
instantly. The presence of decalin competes mostly with cyclohexene over available active 
sites and causes the rate decrease. Comparing with the rate decrease in 5 mol.% 
methylcyclohexane in heptane, much weaker adsorption of methylcyclohexane only 
competes little and keeps 67% of cyclohexene still on surface. The rate decreases in 









Table 9. Surface coverage in different solventsa. 
 Surface Coverage 





H2 0.76 0.76 0.76 0.76 0.76 
vacant site 1 0.24 0.24 0.24 0.24 0.24 
cyclohexene 0.71 0.33 0.12 0.43 0.67 
Primary solvent 0 0.52 0.85 0 0 
Secondary solvent    0.39 0.05 
vacant site 2 0.29 0.14 0.03 0.18 0.28 
a Reaction conditions are 70 °C, H2 pressure 560 psi, cyclohexene initial concentration 0.42 M 
b Co-solvent mixture and primary solvent is heptane 
 
For reactions utilizing one solvent, the interactions between cyclohexene and a 
solvent are not very strong. Because under the reaction conditions, the activity coefficient 
of both cyclohexene and any solvent listed in Table 5 are all close to 1, which is similar to 
ideal solution. The influence on the hydrogenation rate caused by solvent reactant 
interactions are negligible. However, for reactions involving two solvents mixture, the non-
ideality of solution mixture incurred by strong interactions between two solvents can be 
phenomenal.  
Thermodynamic property such as solvent activity also plays an important role in 
liquid-phase hydrogenation. The decalin-heptane mixture exhibits highly non-ideality with 

𝑑𝑒𝑐𝑎𝑙𝑖𝑛
= 1.51 and 
ℎ𝑒𝑝𝑡𝑎𝑛𝑒
= 1.82 at infinite dilution implying that either one shows 
positive deviation from Raoult’s law[89].  Since the liquid bulk phase is not only in 
equilibrium with gas phase but also in equilibrium with catalyst surface, the solid phase, 
the total number of surface species could be affected by thermodynamic tendency towards 
equilibrium. When decalin is added in heptane, the solvent interactions repulse decalin 
away from the liquid bulk phase to the catalyst surface. Therefore, the surface 
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concentration of decalin is increased due to the thermodynamic tendency towards 
equilibrium.  
A series of activity coefficients with different mole compositions in two solvents 
mixtures were calculated by ASPEN Plus and were applied in the kinetic model. The results 
are plotted in Figure 18. The dash lines represent the kinetic in ideal mixture and the smooth 
lines represent the kinetic in non-ideal mixture. It's clear to spot that thermodynamic 
activity greatly affects cyclohexene hydrogenation rate in decalin-heptane mixture. The 
strong interactions are unfavorable for decalin to form a stable mixture with heptane. 
Instead, decalin is tend to go to the catalyst surface to compete active sites with 
cyclohexene. Therefore, the kinetic model of ideal mixture that applies concentration 
instead of activity doesn’t describe the experimental data well enough because the catalyst 
surface has more decalin to compete sites with cyclohexene than in ideal mixture. The 
actual hydrogenation rate in the mixture of 0-40 mol.% compositions illustrated much less 
reactivity. Since 
𝑑𝑒𝑐𝑎𝑙𝑖𝑛
 decreases with decalin composition in the mixture, the more 
decalin in the mixture, the smaller 
𝑑𝑒𝑐𝑎𝑙𝑖𝑛
 becomes. By the time decalin becomes the 
primary solvent and heptane is the secondary solvent,  
𝑑𝑒𝑐𝑎𝑙𝑖𝑛
 approaches 1. Although 

ℎ𝑒𝑝𝑡𝑎𝑛𝑒
  is larger than 
𝑑𝑒𝑐𝑎𝑙𝑖𝑛
, the extreme weak adsorption of heptane on the catalyst 
surface doesn’t compete sites with cyclohexene. As was measured in 40 mol.% decalin-
heptane mixture, the kinetic started acting like it was acquired in ideal mixture. On the 
other hand, methylcyclohexane-heptane mixture activity coefficients are close to unity 
with 
𝑚𝑒𝑡ℎ𝑦𝑙𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑒
= 1.04  and 
ℎ𝑒𝑝𝑡𝑎𝑛𝑒
= 1.02  at infinite dilution. The mixture 
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doesn’t have much deviation from ideal solution. Therefore, kinetic using ideal mixture is 
able to capture the experimental data, and the non-ideal kinetic almost overlaps with it. 
4.3.6 Kinetic and thermodynamic parameters 
Thermodynamic parameters such as entropy and enthalpy change during adsorption 
and reaction are readily to be fitted with kinetic modelling. The experimental data of 
cyclohexene hydrogenation were collected under different temperatures ranging from 40 
C to 100 C with the H2 pressures of 600 psi and 100 psi in heptane. Therefore, the rate 
expression was simplified as: 
 






















𝑅𝑇  (65) 
where 𝑁𝑠, ∆𝑆
‡, ∆𝐻‡ are catalyst site density, entropy and enthalpy change of activation. 
𝑘𝐵 , ℎ, 𝑅  are Boltzmann constant, Planck constant and gas constant respectively. 
∆𝑆𝑎𝑑𝑠, ∆𝐻𝑎𝑑𝑠  in adsorption equilibrium constant represent the entropy change of 
adsorption and heat of adsorption.  𝐾′𝑖  is dimensionless thermodynamic adsorption 
constant, however the adsorption equilibrium constant 𝐾𝑖 in the rate expression has a unit 
with a respect of concentration or pressure. The standard state of concentration or pressure 
was applied for each case. 
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Adsorption equilibrium constant 𝐾𝑖 decreases with temperature. Therefore, surface 
coverage of reactants is approaching to a full coverage under low temperature and high 
pressure/concentration of reactants. The adsorption terms would have less impact on the 
overall reaction rate when they approach to 1. On the contrary, higher temperature and less 
reactants decrease the surface coverage and give more contributions to the rate expression. 
To acquire better fitting for cyclohexene and H2 adsorption parameters, 80 C to 100 C 
reaction temperatures, and less amount of reactants, 0.17 M for cyclohexene, 100 psi for 
H2, were applied. As terms of rate constants, the opposite reaction conditions were carried 
out. the reaction temperatures were decreased to 40 C - 60 C and the reactants were 
increased to 0.42 M and 600 psi for cyclohexene and H2 respectively. 
Eight fitting parameters including ΔS of adsorption/reaction, and ΔH of 
adsorption/reaction are solved with experimental measurements under different 
temperatures, pressures and concentrations. The data fits well with the kinetic model as 
shown in Appendix B (Figure B 1). When ΔS varies during mathematical fitting, the ΔH 
also produces corresponding values to match experimental data. The fitting parameters and 
their fitting variations derived from multiple data sets are presented in Table 10.   
Entropy of adsorption 
Entropy of adsorption ΔS of cyclohexene and hydrogen are demonstrated in Table 
10. The entropy change during adsorption onto Pd surface for cyclohexene was referred to 
liquid phase cyclohexene, which entropy is 216 J/mol⋅K under reaction temperatures[90]. 
Hydrogen adsorption was referred to gas phase hydrogen and its entropy is 131  
J/mol⋅K[91]. Combing kinetic measurements and statistical mechanics analysis, the 
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entropy of adsorption for cyclohexene is determined to be -143 ± 19 J/mol⋅K and therefore 
the adsorbed cyclohexene retained 75 ± 14 J/mol⋅K on the surface. Hydrogen adsorption 
unveiled a large entropy change, -108 ± 12 J/mol⋅K, compared to free hydrogen in the gas 
phase reserving only 23 ± 12 J/mol⋅K after adsorption. 
Table 10. Kinetic and thermodynamic parameters from experimental fittings. 
 ΔS, J/mol·K ΔH, kJ/mol αHads, kJ/mol 
𝑘3 -2±1 81±2  
𝐾′𝐸 -143±19 -75±14 22±6 
𝐾′𝐻2 -108±12 -41±7 8±1 
 
The entropy of adsorption could be estimated from statistical mechanics, although 
reasonable assumptions were made in order to provide a range of entropy change based on 
the degree of freedom (DOF) of the adsorbed species. The equations and discussions are 
demonstrated in Chapter 2: 2.2 Statistical Thermodynamics. The thermodynamic 
equilibrium constant is derived from statistical thermodynamics, which involves partition 














Where 𝑞𝑡 , 𝑞𝑟 , 𝑞𝑣 are the translational partition function, rotational partition function and 
total vibrational partition function respectively. The ratio of the partition functions for 
adsorbed state and the gas/liquid phase state is the pre-exponential factor 𝐴𝑎𝑑𝑠 .The 























Where 𝑙  is the length that any particle of mass 𝑚  moves in one dimension. 𝜎  is the 
symmetry factor and 𝐼𝐴, 𝐼𝐵, 𝐼𝐶 are moments of inertia for a larger molecules along the three 
principal axes. 𝜈 is the vibrational frequency. 
For cyclohexene in the liquid phase, one molecule moves with 3 DOF of 𝑞𝑡 inside 








Where 𝑁𝐴  is the Avogadro constant. The symmetry number 𝜎  for cyclohexene[92] in 
rotational partition function Eq.(70) is 2. 𝐼𝐴, 𝐼𝐵 are moments of inertia around the axes on 
the same plane as cyclohexene and 𝐼𝐶  is produced perpendicularly to the plane. The 
values[93] are 106.6 uÅ2, 111.2 uÅ2, 197.2 uÅ2. The vibrational partition function Eq. (71) 
can be approximated as 1 since the wavenumbers of cyclohexene are larger. 
For adsorbed cyclohexene on the Pd site, the most stable adsorption structure has 
been shown to be  bonding on a top site (Figure A2) since the heat of adsorption has the 
lowest value of -134 kJ/mol among all the other adsorption geometries. Upon adsorption, 
cyclohexene can diffusion on the surface two dimensionally with an area 𝐴, which can be 
estimated by a square with a length of 𝑙. Since the top site adsorption has the local minima 
on the potential energy surface, it’s reasonable to assume that the translational length that 
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adsorbed cyclohexene diffuse on a (111) surface from a top site to its adjacent top site is 
the diameter of Pd atom, which rounds up to 3 Å. When the surface coverage of 
cyclohexene increases, the attractive-repulsive interaction hinders the mobility of 
cyclohexene and therefore the translational length decreases. As for the rotational partition 
function of adsorbed cyclohexene, the  bonding adsorption geometry leads to only 2 DOF 
or less. The axes of rotation are from the same plane as the adsorbed cyclohexene while its 
perpendicular axe has been restricted. However, one of the axes has shifted from the center 
of cyclohexene to the C=C axe compared with liquid phase cyclohexene. The moments of 
inertia produced under the adsorbed state needs to be recalculated using the point mass of 
cyclohexene and the distance to C=C axe[94]. The rotational DOF is also influenced by 
the surface coverage and eventually adsorbed cyclohexene becomes 0DOF. The vibrational 
partition function 𝑞𝑣,𝑎𝑑𝑠 can be written as  𝑞𝑣,𝑔𝑎𝑠/𝑙𝑖𝑞𝑢𝑖𝑑𝑞𝑣,𝐶−𝑃𝑑. Cyclohexene obtains extra 
vibrations upon adsorption on Pd and it is due to the formation of C-Pd bonds. The study 
of ethylene adsorption on Pd (111)[95] has unveiled that the vibrational frequencies for C-
Pd are 341 cm-1 and 533 cm-1. The estimation of the vibrational partition function 𝑞𝑣,𝐶−𝑃𝑑 
has utilized 400 cm-1 for both C. Therefore, combing Eq. (69) - (71), Eq. (68) for 
cyclohexene adsorption is:  








(𝒍 × 𝟗. 𝟔𝟏 × 𝟏𝟎𝟏𝟎)𝟐 × (𝟑𝟕. 𝟖𝟎 × 𝟑𝟗. 𝟔𝟔) × (𝟏. 𝟐𝟑 × 𝟐)
𝟏. 𝟔𝟖 × 𝟏𝟎−𝟐𝟖(𝒎𝟑) × (𝟗. 𝟔𝟏 × 𝟏𝟎𝟏𝟎)𝟑(𝒎−𝟑) × (𝟑𝟒. 𝟒𝟐 × 𝟑𝟗. 𝟔𝟔 × 𝟓𝟐. 𝟖𝟏)
 
The 𝐴𝑎𝑑𝑠 is the pre-exponential factor that serves as the entropy term in equilibrium 
constant in Eq. (65). There are two variables that make major contributions to the entropy 
change: the translational length and rotational DOF upon adsorption. The entropy of 
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adsorption has been plotted in Figure 19. More mobility of adsorbed cyclohexene has on 
the surface, longer the translational length and higher DOF of rotations it retains. 
Therefore, as depicted in Figure 19 (a), when the adsorbed cyclohexene has the ability to 
diffuse from one top site to another with a length of 3Å as well as it rotates with two axes, 
the entropy of adsorption is -74 J/mol⋅K retaining 143 J/mol⋅K. By the time when adsorbed 
cyclohexene molecules are restricted to move and rotate freely, 0.5 Å and 0DOF of rotation 
for instance, the entropy of adsorbed cyclohexene only has 53 J/mol⋅K. The experimental 
result emerges in the range with a value of -143 ± 19 J/mol⋅K, which indicates that the 
molecule processes 74 ± 19 J/mol⋅K after adsorption. Campbell and Sellers[96] 
investigated entropies of adsorbed alkanes on Pt (111) and MgO(100). It has been 
demonstrated that the entropies are around 2/3 of the gas and it is due to the freeze of 
motion in the 𝑧 direction. The possibilities shown in Figure 19 (b) reveal that the entropy 
of adsorbed alkene can be less than 2/3 of the original state, and it is around 1/3 of the 
liquid cyclohexene in the experiment. The much stronger bonding of alkenes on metal 





Figure 19. (a) Entropy of cyclohexene in liquid phase and on surface combined with 
scenarios at different translational lengths and rotational DOF, with experimental 
data. (b) Entropy of adsorption as a function of translational length and rotational 
DOF. The solid line is the value from kinetic fitting. 
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Similarly, the pre-exponential factor for gas phase H2 adsorption is derived using 
partition functions. The kinetic fitting for its entropy of adsorption is presented in Table 7. 
Adsorbed hydrogen atoms only possess translational degree of freedom and newly formed 
H-Pd vibrations on surface while rotations have been completely restricted. H diffusion 
barrier on Pd (111) has been utilized to estimate the translational DOF. The preference sites 
for H2 adsorption on Pd (111) are fcc hollow sites. The lowest energy pathway for the 
diffusion of dissociated H is to pass through the bridge site and reach to a hcp site[87, 97]. 
The energy barrier is 12 kJ/mol, while the highest energy pathway that going through atop 
site is as high as 47 kJ/mol[87]. Therefore, diffusion over Pd (111) is hindered in some 
extent. The distance between a fcc site to a bridge site is 0.8 Å, to a hcp site is 1.6 Å. The 
translational length 𝑙 for adsorbed H is no more than 1.6 Å. Gas phase H2 molecule moves 
in a volume of 𝑉, which can be approximated using ideal gas law at the standard pressure. 
For rotational partition function, since the adsorbed H forms three H-Pd with the adjacent 
Pd atoms, the only rotational DOF has been restricted after adsorption. However, diatomic 
H2 has 2 DOF along the axes and 𝑞𝑟 at 343 K equals 2.61[24]. The vibrational partition 
functions for both gas phase H2 and adsorbed H are assumed to be the same. Therefore, the 
pre-exponential factor for H2 dissociative adsorption is: 








[(𝒍 × 𝟏. 𝟓𝟎 × 𝟏𝟎𝟏𝟎)𝟐]𝟐
𝒌𝑩𝑻
𝒑𝟎
(𝒎𝟑) × (𝟏. 𝟓𝟎 × 𝟏𝟎𝟏𝟎)𝟑(𝒎−𝟑) × 𝟐. 𝟔𝟏
 
The major contribution for the entropy of adsorption lies in the translational 
partition function since adsorbed hydrogen atoms don’t have rotational DOF. Solving for 
the entropy of adsorption, the results are plotted in Figure 20. Upon adsorption, surface H 
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atoms reserve only little entropy since its rotation axe is no long valid for fcc sites 
adsorption and diffusion on the Pd (111) is also greatly limited by the high energy barrier. 
If a H atom moves from a fcc site to a hcp site through a bridge site, the translational length 
is 1.6 Å. Therefore, the entropy of adsorption is -89 J/mol⋅K keeping 42 J/mol⋅K with it. 
Since the energy barrier for diffusion is not barrierless, diffusing to a bridge site requires 
more energy. In this case, for a H atom that moves along a distance of 0.6 Å, the entropy 
of adsorption is -123 J/mol⋅K and the its entropy is now merely 8 J/mol⋅K. The 
experimental fitting in Table 7 illustrates that upon adsorption, H still has 23 ± 12 J/mol⋅K 
and the entropy of adsorption is -108 ± 12 J/mol⋅K. The kinetic fitting is consistent with 
the H2 adsorption study using a PC isotherms over Pd black and the entropy of adsorption 
is around -90 J/mol⋅K[98].  
 
Figure 20. Entropy of hydrogen in gas phase and on surface combined with scenarios 
at possible translational lengths with experimental data. 
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Enthalpy of adsorption 
Statistical thermodynamics provide reasonable analysis on entropy of adsorption 
ΔS for both cyclohexene and hydrogen on Pd (111). Since a thermodynamic equilibrium 
constant in Eq. (65) consists of two terms, 𝑒
∆𝑆𝑎𝑑𝑠
𝑅  and 𝑒−
∆𝐻𝑎𝑑𝑠
𝑅𝑇 , heat of adsorption ΔH is 
acquired once the entropy of adsorption has been determined. Adsorption over metal 
surface such as benzene on Pt (111)[99], benzene on Pd (111)[100], cyclohexene on Pt 
(111)[101], H on Pd (111)[102] have demonstrated to be coverage dependent. The Temkin 
isotherm takes into account of the surface coverage effect on heat of adsorption, which 
would decrease linearly with coverage[103]. Therefore, kinetic model on enthalpy of 
adsorption employed the equation as follows 
∆𝐻𝑎𝑑𝑠 = ∆𝐻𝑎𝑑𝑠
0 + 𝛼𝜃 
(73) 
Where ∆𝐻𝑎𝑑𝑠
0  represents the heat of adsorption on a clean surface. 𝛼 is the fitting parameter 
indicating the unit change in heat of adsorption per surface coverage and has a unit of 
J/mol.  
The heat of adsorption and the fitting parameters for cyclohexene and hydrogen 
derived from kinetic fittings are presented in Table 10. On clean Pd surface, the heat of 
adsorption for cyclohexene is -75 ± 14 kJ/mol, while the heat of adsorption for hydrogen 
is -41 ± 7 kJ/mol. As surface coverage increases, cyclohexene adsorption energy increases 
and the fitting parameter 𝛼  is 22 ± 6 kJ/mol, indicating the heat of adsorption for 
cyclohexene on a fully covered Pd surface becomes 53 kJ/mol. On the other hand, 
hydrogen adsorption energy doesn’t increase as much as that of cyclohexene with the 
surface coverage. The fitting parameter 𝛼 is 8 ± 1 kJ/mol, yielding 33 kJ/mol as the heat of 
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adsorption for hydrogen on a fully covered surface. Experimental fittings are all smaller 
than DFT calculations. As depicted in Figure A2, heat of adsorption of cyclohexene on 
clean Pd(111) is -134 kJ/mol. Since the calculation has considered the vdw interactions of 
the molecule with the Pd surface, the value might have overestimated the actual heat of 
adsorption. Without the vdw interactions, the heat of adsorption of cyclohexene on Pd(111) 
has been calculated to be -30 kJ/mol in Table 8. Therefore, the result from experiment 
fitting is reasonable.   
Entropy and enthalpy of reaction activation 
Rate constant 𝑘3 containing entropy change of activation and enthalpy of reaction 
activation acquired from experimental fitting is listed in Table 10. The entropy of activation 
is -2 ± 1 J/mol⋅K. Since the first hydrogenation is the rate-determining step, the initial states 
are adsorbed cyclohexene and adsorbed hydrogen atom. The negative entropy of activation 
illustrates that entropy at the transition state decreases after surface reacting species are 
activated. An adsorbed H atom is combined with C=C of cyclohexene, some entropy 
decrease is anticipated. On the other hand, a positive entropy of activation is also possible 
when activated complex C6H11 gain a certain amount of freedom at the same time because 
the bonding strength between it and the catalyst should decrease as the ring becomes more 
saturated with hydrogen[104]. However, the small and negative entropy of activation from 
the experiment fitting indicates a slightly stronger binding at the transition state. It is 
reasonable to consider the adsorbed activated complex as an immobile molecule, which is 
bonded to the catalyst surface.  
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The measured enthalpy of activation is 81 ± 2 J/mol. The kinetic model considers 
that the RDS is the first hydrogenation step. The energy barrier for the first hydrogenation 
of cyclohexene is therefore 81 ± 2 kJ/mol. The result is also in agreement with DFT 
calculations in Figure 17. The first hydrogenation has the energy barrier of 94 kJ/mol, 
which is about 30 kJ/mol higher than the energy barrier for the second hydrogenation step 
on the clean Pd(111) surface. On the 7/9 H* covered Pd(111) surface, the energy barrier 
for the first hydrogenation step of cyclohexene is calculated to be 88 kJ/mol, which is 
slightly lower than that on the clean Pd(111) surface, but is still much higher than the 
barrier for the second hydrogenation step (45 kJ/mol). 
4.4 Conclusion 
Cyclohexene hydrogenation in three inert nonpolar solvents, heptane, 
methylcyclohexane and decalin was investigated in a wide range of reaction operation 
conditions over 0.25% Pd/-Al2O3.  Langmuir-Hinshelwood kinetic models are applied 
for the reaction and four kinetic rate expressions can be derived depending on whether the 
H2 adorbs on the same sites with cyclohexene and solvent and which hydrogenation step 
is the rate determining step.  
By varying H2 pressure from 30 psi to 560 psi and cyclohexene initial concentration 
at 70 C, solvent effects are greatly observed. Hydrogenation reaction is the fastest in 
heptane followed by in methylcyclohexane and then the slowest in decalin. The reaction 
order analysis indicates that H2 dissociative adsorption happens on the different sites than 
cyclohexene and solvent adsorption, as well as the rate determining step is the first 
hydrogenation step. The reaction order based on H2 changes from 0.5th order to 0th order in 
low H2 pressure and high H2 pressure respectively. Furthermore, the reaction order of 
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cyclohexene starts at 1th order and approaches 0th order with cyclohexene concentration in 
all solvents eventually.  
The observed solvent effect in this study is caused by solvent competitive 
adsorption, which alters the surface coverage of reactant cyclohexene. Besides the 
strongest cyclohexene adsorption on catalyst surface, decalin has the second highest 
adsorption followed by methylcyclohexane. Heptane has the weakest adsorption on 
catalyst surface. Surface coverage of reactant cyclohexene is relatively low in decalin 
because decalin competes sites with cyclohexene. Moreover, adding the second solvent 
into heptane results in the rate decrease due to the decrease in surface coverage of 
cyclohexene. 
Additionally, thermodynamic activity in non-ideal solvent mixture plays an 
important role in liquid-phase hydrogenation. Reactions in only one solvent illustrate 
negligible deviation from ideal solution since activity coefficients are close to unity. 
However, the co-solvent decalin-heptane mixture is highly non-ideal. The interactions 
between decalin and heptane tend to drive decalin onto the catalyst surface and compete 
sites with cyclohexene. The non-ideality of the mixture thermodynamically increases the 
surface solvent species that leads to further decrease in reactivity. 
Entropy and enthalpy change determine the equilibrium and reaction constants. 
Derived from statistic thermodynamic, entropy of adsorption relates to the translational, 
rotational and vibrational partition functions of free molecules and adsorbed species. 
Adsorbed cyclohexene could have the up to 3 Å translational mobility and 2 DOF of 
rotations on the surface, yielding the entropy of adsorption of -143 ± 19   J/mol⋅K upon 
adsorption. On the other hand, adsorbed hydrogen has been restricted much more on the 
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surface with the entropy of adsorption of -108 ± 12 J/mol⋅K. The statistical thermodynamic 
analysis unveils a reasonable range to provide guidance for kinetic fittings so that the 
corresponding heat of adsorption obtained from kinetic fittings has physical meaning and 
is comparable with DFT studies. The Enthalpy change during adsorption, heat of 
adsorption, is the coverage dependent. On clean surface, heat of adsorption for cyclohexene 
and hydrogen is -75 ± 14 kJ/mol and -41 ± 7 kJ/mol respectively. The energy increases 
with surface coverage linearly. When surface is fully covered with adsorbed cyclohexene 
or hydrogen, the heat of adsorption becomes 53 kJ/mol for cyclohexene and 33 kJ/mol for 
hydrogen. 
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Chapter 5: Mechanistic Role of Water in Aqueous Phase Furfural 
Hydrogenation on Pd Catalysts* 
5.1 Introduction 
In liquid-phase heterogeneous catalysis, reactants adsorb and react at the active 
sites in the presence of the solvent, which may have multiple and distinct effects rather 
than traditionally dissolving chemicals and transferring heat. Multiple effects may work 
simultaneously, and the dominant effect varies among different reactions. Solvent may 
change the kinetics of the reactions when the rate-determining steps involve a solvated 
transition state[34, 105]. The aqueous phase can also affect the molecular adsorption by 
redistributing the electrons at the solid/water interface[63]. Additionally, water may also 
directly participate the reaction, like in hydrogen-assisted activation of CO[53] and O2[106] 
and in alcohol oxidation via hydroxide ions[107]. Moreover, the expanding utilization of 
water/oil biphasic system for reactions has depicted simultaneously separation of the water- 
and oil-soluble products while the reaction keeps occurring at the water/oil interface[30, 
59].  
Aqueous-phase upgrading of small oxygenates is particularly desirable for biomass 
conversion[22, 108] since pyrolysis of biomass produces large amounts of water and water-
soluble small oxygenates[15]. Furfural, one of these small oxygenates, is an important 
platform chemical produced from pyrolysis of biomass at moderate temperature by 
dehydration of xylose[5, 109]. Hydrogenation of furfural produces furfuryl alcohol (FOL), 
tetrahydrofurfural (THFAL) and tetrahydrofurfuryl alcohol (THFOL) as shown in Scheme 
                                                 
* SEM/EDX and TEM images were taken by Dr. Nicholas Briggs; 
  DFT calculations were performed by Reda Bababrik and Dr. Wenhua Xue. 
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4. The FOL compound is widely used in the manufacture of resins and fragrances etc.[110]. 
Further metal-catalyzed hydrodeoxygenation of FOL produces methyfuran[78, 111] while 
acid-catalyzed hydrolysis of FOL results in levulinic acid[105, 112]. Both methyfuran and 
levulinic acid are desirable and important chemicals in biorefineries[113]. 
 
Scheme 4. Reaction pathway of furfural hydrogenation. 
How to control the catalytic selectivity of furfural hydrogenation towards FOL 
represents a challenge for rational catalyst design. The toxicity of the CuCr-based industrial 
catalysts also drives the exploration of more environmentally friendly alternatives. Sitthisa 
et al. [78, 114, 115] showed that the hydrogenation selectivity is mainly dictated by the 
adsorption configuration of furfural on the metal surface, that is, strong interaction between 
the heteroaromatic furanyl ring and the Pd or Ni surface leads to formation of furan while 
tilted adsorption configuration on group VIII metals through carbonyl group results in high 
selectivity to FOL. Density functional theory (DFT) calculations of furfural reaction on a 
Pd(111) surface showed that production of furan and CO is more energetically 
favorable[116, 117] at low hydrogen coverage, and selectivity towards FOL can be 
achieved at high hydrogen coverage due to the conformation change of the furfural 
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molecule[118]. Similarly, modification of the Pd surface using a self-assembled thiol 
modifier has also been shown to reverse selectivity from furan to FOL as the main 
product[119, 120].  
Liquid-phase catalysis provides another option for tuning the selectivity. Previous 
experiments generally suggested high yield of FOL over supported single metal (Pt, Ru, 
Rh, Co, Pd, Cu)[121-123] and multi-metallic metal (PtSn, PdCu, CuCr, CuMgAl)[122, 
124-126] in liquid phase, particularly in polar solvent[122, 124], however, the underlying 
mechanism remains elusive[56]. Additionally, it has also been reported that, over Pt, Pd, 
Ru and Ni in water at 160-175°C, hydrogenation of furfural produces mainly furan-ring 
rearrangement products such as cyclopentanone[54, 127, 128]. Understanding the reaction 
mechanism and the effects of solvent is thus valuable for promoting catalytic activity and 
tuning activation of either the furanyl ring or the carbonyl group in the furfural upgrading. 
In this work, we explore the solvent effect in furfural hydrogenation over a Pd 
catalyst. We find rate enhancement for furfural conversion and improved selectivity 
towards hydrogenation of carbonyl group in an aqueous phase as compared to reactions in 
cyclohexane. DFT calculations unveil that water solvent has multiple effects including 
stabilizing the intermediate and final products by forming hydrogen bonds and changes the 
rate-determining step. The reaction order with respect to H2 changed from 0.3th order in 
cyclohexane to 0.8th order in water, indicating the difference in rate-determining steps for 




5.2.1 Catalyst preparation 
Here α-Al2O3 supported 3 wt% Pd catalyst was synthesized through sequential 
incipient wetness impregnation. The α-phase alumina support was acquired from Sigma-
Aldrich. The BET method was performed using a Micromeritics ASAP 2010 unit[129]. 
The α-Al2O3 support was found to have a surface area of 3.68 m2/g and pore volume of 
0.0121cm3/g.  The low surface area and low pore volume limited the effectiveness of 
traditional sequential incipient wetness impregnation method due to the sintering of 
precursor when drying. The sequential incipient wetness impregnations were applied for 
three times with 1 wt.% of Pd loading after each performance. A wetting test was used to 
determine the liquid volume that could coat the outside of the α-Al2O3. The α-Al2O3 was 
found to hold 0.1 mL of water per gram of α-Al2O3. After the first incipient wetness 
impregnation with the Pd(NO3)2·2H2O aqueous solution, the catalyst was dried in a 
vacuum oven overnight at 70°C, followed by calcination in air at 300°C for 3h. 1 wt.% of 
Pd was anchored after calcination each time. The second and the third-time incipient 
wetness impregnation were applied sequentially resulting in a 3 wt% Pd loading on α-
Al2O3.  
5.2.2 Catalyst characterization 
SEM characterization was performed with a Zeis Neon 40 EsB operated with an 
accelerating voltage of 5 keV equipped with a field emission gun and INCA Energy 250 
Energy Dispersive X-ray (EDX) Microanalysis detector. EDX was used to map the Pd 
catalyst particles supported on the alumina. The surface metal dispersion of 1 %Pd/α-Al2O3 
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and 2 %Pd/α-Al2O3 intermediate catalysts was examined for the effectiveness of the 
sequential incipient wetness.  
For TEM characterization, a JEOL 200FX operated with an accelerating voltage of 
200 kV and equipped with a LaB6 filament was used. The TEM images were used to 
determine the average particle size and size distribution of Pd particles. The particles were 
measured using ImageJ software and the particle diameter distributions were analyzed by 
histogram for average particle diameter calculation.  
5.2.3 Catalyst test 
The liquid phase furfural hydrogenation reactions were carried out in a total volume 
of 300 mL high-temperature and high-pressure Parr Batch stirred reactor (Series 4564).  90 
mL of solvents and a certain amount of catalyst were loaded in the reactor before the 
reaction. N2 was purged into the whole reaction system to vent the air, followed by H2. The 
catalyst was reduced under 0.69 Mpa (100 psi) in H2 and at 100°C for 1 hour. The reactor 
was cooled down to 40°C and then 30 mL of solvent that contained reactant was purged 
into the reactor until pressure reached 5.52 Mpa (800 psi) and temperature was held at 40°C. 
The total reaction volume was kept at 120 mL. The reaction started when mechanic stirring 
was turned on after the reactant injection. The H2 inlet valve was kept open to maintain the 
constant pressure.  
The liquid product was filtered and analyzed by gas chromatography. Shimadzu 
GCMS-QP2010S equipped with a Zebron ZB-1701 column was used for identification of 
products in the liquid mixture. Agilent 7890B GC-FID equipped with a Zebron ZB-
WAXplus column was used for quantification of the individual product. Conversion and 
yields toward each product are defined as follows: 
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑥%) =  
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑒𝑑)
 × 100% 
(74) 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑦%) =  
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖)
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑒𝑑)
× 100% 
(75) 
Solvents used in the study were classified as non-polar and protic polar. Non-polar 
solvents were decahydronaphthalene (decalin) (99%, Sigma-Aldrich) and cyclohexane 
(99.5%, Sigma-Aldrich). Protic solvent was purified deionized water. Reactant furfural 
(FAL, 99%, Sigma-Aldrich) was distillated in the N2 flow before use. 
5.3 Results and discussion 
5.3.1 Catalyst characterization 
The EDX images in Figure 21 present the general compositions on the catalyst 
surface. The weight percentage of Pd on 3% Pd/α-Al2O3 after the third time sequential 
incipient wetness impregnation is 12.7 wt% (Figure 21 B), which is about 3 times the 4.0 
wt% of Pd on the 1% Pd/α-Al2O3 sample (Figure 21 A), showing that the sequential 
incipient wetness impregnation is effective for synthesizing catalysts that have supports 
with low surface area and low pore volume. Since the volume of precursor aqueous solution 
is as low as 0.1 mL/g, the method decreases the possibility of palladium particles sintering 




Figure 21. EDX images and elements spectra of (A) 1% Pd/α-Al2O3. (B) 3% Pd/α-
Al2O3 
Further TEM images in Figure 22 illustrate the particle sizes of 3% Pd/α-Al2O3. 
The average particle size are calculated by volume-weighed average diameter equation 
[27], 𝑑𝑣̅̅ ̅ = ∑ 𝑛𝑖𝑑𝑖
4
𝑖 /∑𝑛𝑖𝑑𝑖
3, where ni is the number of particles with a diameter di. 100 
particles were counted, and the diameter calculated is 4.4 ± 1.1 nm. 
 
Figure 22. (A) TEM images of 3% Pd/α-Al2O3. (B) Pd particle diameter histogram. 
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5.3.2 Kinetic regime and deactivation test 
To ensure the collection of reliable kinetic data, mass transfer tests were conducted 
to ensure no transport limitations of hydrogen transfer from gas phase to liquid phase and 
the reactant from bulk to the catalyst surface.  Heat transport limitations in liquid phase 
reactions are commonly not dominant due to the high heat capacities and good thermal 
conductivities compared to gas phase reactions[56].  
To ensure the reaction was carried out with no mass transfer limitations, the stirring 
speed was increased until conversion no longer changed. These tests were performed in the 
furfural hydrogenation. Water was chosen to be the solvent due to the highest 
hydrogenation activity being shown, which may exhibit the mass transfer resistance from 
the bulk liquid phase to the catalyst surface. 0.1 M of furfural was reacted over 0.1g of 
3%Pd/α-Al2O3 for 0.8h at 425 rpm and 600 rpm respectively. The result in Figure 5 depicts 
that the conversion of furfural and yields towards each product, THFAL, FOL, THFOL, 
are independent of the mechanic stirring force the impeller provided.  
 
Figure 23. External mass transport test at different stirring rate in water. Reaction 
conditions: initial concentration of FAL is 0.1M, T=40°C, P=800psi, catalyst 
amount=100mg 3%Pd/α-Al2O3, reaction time=0.8h. 
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However, Chambers and Boudart[130] pointed out this test may fail in laboratory 
reactors. Because the stirring speed is still at low Reynolds number where the mass transfer 
coefficient is insensitive with the increase of stirring speed.  
In order to further prove that the reactions are in the kinetic regime, the widely used 
criteria in three phases stirring reactors [39, 131, 132] were used. Proposed by 
Ramachandran and Chaudhari[133], the criteria define the ratio of observed rate to the 
maximum rate. α1 describes the gas-liquid mass transfer ratio, and α2 describes the liquid-








∗ < 0.1 
(77) 
kl is the gas-liquid mass transfer coefficient. CA* is the saturation solubility that is 
calculated by Henry’s Law. ks is the effective diffusivity, ap is the catalyst external surface 
area. The calculation gave the values for α1 is 0.04 and α2 is 2.035 × 10−5, smaller than 
0.1. Showing the kinetic data acquired were in the absence of external mass transfer 
limitation. In addition, the low surface area and the extremely low pore volume of the 
catalyst support diminish the presence of intraparticle mass transfer limitation. 
The reactions in the study were conducted under 425 rpm in order to provide a 
moderate agitation so that the thermal couple is fully immersed in the liquid and the catalyst 
wouldn’t splash. 
The deactivation tests were carried out in solvent water under reaction conditions. 
The amount of catalyst was kept at 250 mg and the reaction time was varied. The furfural 
conversion was compared under shorter time and longer time. The results are plotted in 
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Figure 24. The overall conversion doubles from 13% in 0.4 h to 26% in 0.8 h, indicating 
that deactivation is practically absent under the reaction time for 0.8 h. Reactions in both 
water and cyclohexane didn’t show severe deactivation, however it did appear in decalin 
solvent. This phenomena have been discussed in the following section 5.3.3 Solvent effect. 
Meanwhile, there is less likely to have polymerization during reaction, because the furfural 
and furfuryl alcohol polymerization happen at high temperature and under acid-catalyzed 
condition[134]. 
 
Figure 24. Catalyst deactivation test with different reaction times in water.  Reaction 
conditions: initial concentration of FAL is 0.1M T = 40°C, P = 5.52 MPa, catalyst 
amount = 250 mg 3%Pd/α-Al2O3. 
5.3.3 Solvent effect 
Furfural hydrogenation reactions were carried out in non-polar solvents, decalin 
and cyclohexane. The comparisons are listed in Figure 29. The catalytic reactivity in 





Figure 25. FAL hydrogenation conversion and products yields in different solvents. 
Reaction conditions: initial concentration of FAL is 0.1M, T=40°C, P=800psi, catalyst 
amount=250mg 3%Pd/α-Al2O3, reaction time=0.8h 
Figure 29 shows that THFAL is the main product in cyclohexane, suggesting that 
furanyl ring hydrogenation (Scheme 4) is preferred. The conversion, defined by 
disappearance of FAL, in decalin is 14%. However, only 4% of the product yields (FOL, 
THFAL, THFOL) could be added-up and no other new products were detected by GC-MS. 
The same reaction in decalin, but with half the reaction time, was conducted and fast 
catalyst deactivation was observed, while no deactivation has been found in cyclohexane. 
Furfural dissolves poorly in decalin as compared to cyclohexane. The heterogeneous 
catalyst provides extra sites for the deposition of FAL on the surface, and the catalyst 
deactivation was caused by occlusion of furfural, which blocks catalytic sites[135, 136].   
However, when furfural hydrogenation reactions were carried out in water, a protic 
solvent, the reactivity compared to cyclohexane is two times higher, as shown in Figure 
29. More importantly, the dramatic difference lies in the selectivity shift. In water, instead 
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of the furanyl ring hydrogenation, the carbonyl group hydrogenation is preferred. Furfuryl 
alcohol is produced as the main product. 
To understand the increased catalytic activity and selectivity, we explored reaction 
mechanism and the role of solvents using first-principles DFT calculations on Pd (111). In 
the absence of liquid water, we find that, in agreement with previous calculations[116], the 
most stable adsorption configuration of FAL on Pd (111) is the one with the furanyl ring 
parallel to the surface. When furfural is at the water-Pd (111) interface, the situation is 
more complicated. Three circumstances are taking into account. The energy profiles of 
furfural hydrogenation without the presence of water or with water, as well as water 
assisted H-shuttling are investigated. 
Figure 26 shows the calculated reaction pathways of furfural hydrogenation in gas 
phase and with the presence of liquid water. In these calculations, the hydrogen atoms H*, 
illustrated in Figure 26A, come from the metal surface rather than as a proton. We find 
sequential hydrogenation of the oxygen and carbon in the carbonyl groups has an transition 
state energy of 46 kJ/mol (Figure 26C). In the following discussions, we only focus on the 
reaction pathway with O and C hydrogenated sequentially. In the presence of liquid water, 
the transition state energy decreases to -4 kJ/mol with hydrogenation of the oxygen atom 
as the rate-determining step. The overall reaction becomes more exothermic in water, as 
compared to only slightly exothermic on a clean Pd(111) surface, because the water phase 
stabilizes the intermediate (the product after first-step oxygen hydrogenation) and FOL via 
hydrogen bonds with the intermediate (IMT) and final products. In this mechanism water 
doesn’t participate in the reaction directly, but its presence changes the adsorption of the 




Figure 26. DFT calculations of hydrogenation of furfural. (A) Schematic reaction 
path in the vapor phase. (B) Reaction path in the liquid water with proton shuttling 
hydrogenation. (C) Calculated energy profile of the hydrogenation path on Pd in the 
gas phase and in liquid water. 
Water, as a protic solvent, may also directly participate through proton shuttling 
in the reaction. We find that indeed a water molecule, which adsorbs in the proximity of 
the FAL and forms a hydrogen bond with the carbonyl group, in the liquid phase can take 
the hydrogen atom directly from the surface, as shown in Figure 26B, and transfer 
another hydrogen atom to the carbonyl group via the aforementioned hydrogen bond. In 
this case, this water molecule acts as a bridge between the carbonyl group and the surface 
hydrogen atom, resulting in an overall activation barrier of -7 kJ/mol (Figure 26C). The 
activation barrier for the first hydrogenation step is -16 kJ/mol in liquid water (Figure 
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26C). The transition state along each reaction pathway (TS1 in Figure 26C) involves a 
H3O species.  
When organic solvent is applied, the selectivity difference in products has been 
observed. The calculated adsorption energy of furfural, tetrahydrofuran, cyclohexane, and 
water over Pd (111) without van der Waals (VDW) interactions are shown in Table 11. 
The adsorption energy of reactant (furfural) and solvent molecules (water and cyclohexane) 
is significantly increased when including VDW interaction. The adsorption energy of water 
is -31 kJ/mol, and the one of cyclohexane is -26 kJ/mol, both of which are significantly 
smaller than it of furfural, indicating that competitive adsorption between the reactants and 
the solvents should play a minor role. The change in selectivity in water and cyclohexane 
is mainly caused by stabilization of intermediates and products via H-bonds and the proton 
transfer in water, both of which affect significantly the carbonyl group rather than the ring, 
since the latter of which doesn’t form H-bonds with the water phase.  
Table 11. Adsorption energy over Pd (111) surface. 





5.3.4 Reaction order and rate determining step 
The straightforward approach to observe water assisted H-shuttling is to carry out 
isotope study using D2O as the solvent. Indeed, the oxygen in the carbonyl group of furfural 
is deuterated after reaction. However, the further studies indicate that the HD exchange 
happens rapidly even without catalysts. The hydroxyl group (-OH) in furfuryl alcohol 
exchanges with D2O and forms deuterated furfuryl alcohol instantly (Appendix D).  The 
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isotope study fails to demonstrate H-shuttling effect, and therefore an alternative method 
has been utilized. The DFT calculation has indicated that the presence of water lowers the 
energy barrier for the 1st hydrogenation, which is the oxygen hydrogenation in the carbonyl 
group, leading the 2nd hydrogenation of the carbon the rate determining step.  
Langmuir-Hinshelwood kinetic model was derived to investigate the furfural 
hydrogenation in water and in cyclohexane. The organic molecules and hydrogen are 
adsorbed on different sites. Yoshinao and Tomishige[137] showed that furfural 
hydrogenation rate over Pd/SiO2 increases with H2 pressure, while the furfural 
concentration change results a negligible change in reaction rate. Therefore, H2 absorb on 
different sites and don’t compete active sites with other organic molecules. Moreover, in 
the kinetic study using Pt/C as the catalyst, dual site kinetic model provided the best fit of 
experimental data[121] . 
The hydrogenation kinetic models of furfural hydrogenation to furfuryl alcohol 








↔ 2𝐻𝑆1 (79) 
𝐹𝐴𝐿 +  𝑆2 
𝐾𝐹𝐴𝐿
↔  𝐹𝐴𝐿𝑆2 (80) 
𝐹𝐴𝐿𝑆2 +  𝐻𝑆1
𝑘3
→𝐹𝐴𝐿𝐻𝑆2 +  𝑆1 (81) 
𝐹𝐴𝐿𝐻𝑆2 + 𝐻𝑆1 
𝑘4
→𝐹𝑂𝐿𝑆2 +  𝑆1 (82) 
𝐹𝑂𝐿𝑆2
𝐾𝐹𝑂𝐿
↔   𝐹𝑂𝐿 +  𝑆2 (83) 
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Where ki is rate constant, and S represents empty Pd sites. Different site adsorption for 
hydrogen and furfural has been considered on Pd surface based on the conclusion in 
Chapter 4: 4.3.4 True kinetic model and DFT studies. Depending on whether the first or 
the second hydrogenation is the rate-determining step, the initial reaction rate when final 
product is negligible can be expressed as: 
𝑟 =
𝑘3𝐾𝐹𝐴𝐿𝐶𝐹𝐴𝐿√𝑃𝐻2𝐾𝐻2





(1 + 𝐾𝐹𝐴𝐿𝐶𝐹𝐴𝐿 + 𝐾𝐹𝐴𝐿𝑆𝐾𝐹𝐴𝐿𝐶𝐹𝐴𝐿√𝑃𝐻2𝐾𝐻2)(1 + √𝑃𝐻2𝐾𝐻2) 
 
(85) 
Where Ki is adsorption constant. Eq. (84) represents the rate when the first hydrogenation 
of furfural is the rate-determining step, and Eq. (85) is the rate expression when the second 
hydrogenation is the rate-determining step. When the reactions are carried out under low 
H2 pressure, √𝑃𝐻2𝐾𝐻2  term become insignificant. 1 + √𝑃𝐻2𝐾𝐻2  in the denominator is 
approximate to 1. Therefore, the reaction order based on H2 at low H2 pressure is half order 
for Eq. (84) and first order for Eq. (85).  Similarly, the hydrogenation of furfural to 
tetrahydrofurfural generates the same reaction order for both surface mechanisms. The 
difference in reaction order based on H2 pressure leads to distinguishing rate-determining 
step during hydrogenation. Furfural hydrogenation is further investigated in cyclohexane 
and water.   
The measured H2 reaction orders in water and cyclohexane are plotted in Figure 27. 
H2 pressure was varied at much lower pressure ranging from 30 psi to 300 psi and the 
reaction rate was calculated at approximately 10% of overall FAL conversion, which the 




Figure 27. Reaction order as respective of H2 pressure in water and cyclohexane. 
Initial concentration of FAL is 0.1M, T=40°C. 
In water, the reaction order corresponding to H2 pressure is 0.8th order, closer to 
first order reaction, manifesting the rate-determining step is the second hydrogenation of 
the furfural carbonyl group. The DFT calculations on water assisted H-shuttling effect 
indicates that water H-bonding network not only stabilizes intermediates but also transfers 
H+ through the bridge to the O, which further lowers the activation barrier for the first 
hydrogenation step. Therefore, the following hydrogenation of the C, the second 
hydrogenation step, becomes the highest energy barrier for the reaction. The kinetic 
measurement draws the same conclusion as the DFT calculations in water. 
On the contrary, the reaction order as respective of H2 pressure is 0.3th order in 
cyclohexane, which is much closer to the 0.5th order reaction. The reaction order analysis 
demonstrates without the presence of water the first hydrogenation is the highest the energy 
barrier regardless of carbonyl group or C=C hydrogenation. Because THFAL is the main 
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product in cyclohexane. Combining the kinetic analysis from Eq. (84), the rate-determining 
step is the first hydrogenation of C=C in furfural ring. Similar results have been found in 
cyclohexene hydrogenation over Pd in Chapter 4: 4.3.4 True kinetic model and DFT studies 
where the first hydrogenation of C=C has been found to be the rate determining step 
experimentally. 
5.4 Conclusion 
In this Chapter, hydrogenation of furfural has been investigated in different solvents 
over on a palladium catalyst. Hydrogenation of the furanyl ring is favored in organic aprotic 
solvent and carbonyl group is favored in aqueous solution with an enhanced reaction rate. 
DFT calculations suggest that water solvent influences the hydrogenation rate by taking 
part in the kinetically relevant step of furfural activation. Both the intermediate and final 
products are stabilized by the liquid water via H-bonds formed between the water phase 
and the carbonyl group in furfural. Proton shuttling through the H-bonded water network 
further reduces the activation barrier for the hydrogenation of the carbonyl group. 
Moreover, reactions with different H2 pressures further unveil that the reaction order with 
respect of H2 in water is 0.8th compared to the 0.3th order in cyclohexane. Kinetic analysis 
indicates a consistent result with DFT calculations that second hydrogenation of the C of 
the carbonyl group is the rate determining step in water while the first hydrogenation of 
the C=C of the furanyl ring is the rate determining step in cyclohexane. This work shows 
that solvent provides an additional degree of freedom for tuning the activity and selectivity 
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Chapter 6: Aqueous Phase Reforming of Ethanol on Synergistic 
Bimetallic Ru-Pt Catalysts* 
6.1 Introduction 
Hydrogen-based technologies play a key role in the development of sustainable, 
cleaner, more efficient, and lower CO2 footprint energy systems [138]. Aqueous phase 
reforming (APR) of biomass-derived oxygenates provides high-yield H2 production in a 
single-step catalytic processes at moderate temperatures [20, 21]. Bio-ethanol, produced 
from renewable biomass, is an attractive feedstock for H2 production, which has been 
widely used for high-temperature steam reforming over different metal catalysts [139-142]. 
Almost all catalysts for ethanol steam reforming produces CO and coke at high temperature 
that result catalysts deactivation. Therefore, the advantage of using low-temperature 
aqueous phase reforming not only eliminates significant energy input but also operates at 
temperature range that thermodynamically favors water gas shift (WGS) reaction in order 
to extract more H2 from water. 
In low-temperature ethanol reforming, the primary reaction mechanism involves 
dehydrogenation upon adsorption, followed by cleavage of the C-C bond to form surface 
CO, which further reacts via water gas shift (WGS) reaction [142, 143] and CHx species, 
which can be hydrogenated to produce CH4.  If the surface CO undergoes methanation 
instead of WGS, the production of hydrogen is greatly inhibited since not only prevents 
formation of H2, but also it consumes H2 to make CH4. Among the various metals 
investigated during the last few decades, Pt exhibits one of the highest selectivity towards 
                                                 
* TEM images were taken by Brent Johnson and Lisa Whitworth at Oklahoma State University; 
  XRD image was prepared by Feifei Yang. 
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H2 and has been often considered as a promising catalyst for APR of oxygenates [21]. 
However, the low reaction activity of Pt results in the insufficient C-C cleavage.  By 
contrast, although Ru has shown lower selectivity towards H2 production and high yield 
towards alkanes (especially CH4) formation via methanation reaction and Fischer-Tropsch 
synthesis (FTS) [21, 144], it also reveals high activity towards C-C bond breaking, which 
is a desirable reaction to maximize yield. Therefore, designing optimal catalysts for APR 
of ethanol requires maximizing the efficiency of C-C cleavage, inhibiting the methanation 
reaction, and facilitating WGS activity.  
In this work, we have explored mono- and bimetallic Pt and Ru catalysts supported 
on carbon and TiO2.  First, particle size effects were investigated over monometallic Ru 
and Pt catalysts. It was found that small Ru particles exhibit higher selectivity towards H2 
production and lower CH4 formation than larger Ru particles. To explore the effect of 
particle size on surface CO dissociation after the C-C cleavage of ethanol, the rate of 
Fischer-Tropsch synthesis was compared over the different Ru catalysts. On Pt, selectivity 
towards CH4 and C1 oxygenated is higher for smaller particle sizes, but in general, Pt is 
less active than Ru for C-C cleavage.  The comparison of the performance of both 
monometallic metals lead to the investigation of bimetallic Ru-Pt catalysts, which show 
synergistic performance, with increased reaction rate for H2 production but lower rate for 
CH4. 
6.2 Experimental 
6.2.1 Catalyst preparation 
Supported Ru and Pt catalysts were synthesized by conventional incipient wetness 
impregnation, followed by high temperature thermal decomposition of the metal 
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precursors.  This decomposition was conducted in hydrogen flow for the C-supported 
catalysts or in air flow for the TiO2-supported ones. A series of monometallic Ru catalysts 
with different loadings and supports were prepared by impregnating ruthenium(III) nitrosyl 
nitrate solution (Sigma-Aldrich, 1.5 wt.% Ru) over activated carbon (Sigma-Aldrich, 
charcoal activated Norit®) and titanium(IV) oxide (Sigma-Aldrich, ≥ 99.5%, P25), 
respectively. The 5% Ru/C (Type 619) was purchased from Alfa Aesar. The monometallic 
Pt catalysts were prepared by impregnating an aqueous solution of chloroplatinic acid 
hydrate (H2PtCl6, Sigma-Aldrich, ≥ 99.9%) over the same two supports as above, and 
subsequently dried at 70C, overnight. The thermal decomposition was achieved by 
heating (in H2 or air) at 400C for 4 h for Ru(NO)(NO3)3 [145] and at 500C for 3 h for 
H2PtCl6 [146]. Bimetallic Ru-Pt catalysts supported on TiO2 were prepared by sequential 
impregnation or co-impregnation. The sequential impregnation was carried out by 
impregnation and decomposition of the first metal precursor followed by loading the 
second metal precursor. The calcination conditions employed were the same as those for 
the preparation of monometallic catalysts. In the co-impregnation method, the 
impregnating aqueous solutions were mixtures of ruthenium (III) chloride hydrate (Sigma-
Aldrich, 99.98 %) and chloroplatinic acid hexahydrate at the desired ratios.  The 
impregnated sample was then dried at 70C overnight followed by calcination in air at 
500C for 4 h [147]. Based on the preparation method used, Ru/Pt/TiO2 indicates that Pt 
was sequentially impregnated over a previously calcined Ru/TiO2.  Likewise, Pt/Ru/TiO2 
indicates that Pt was impregnated first and then Ru. By contrast, the co-impregnated 
bimetallic catalyst is represented as Ru-Pt/TiO2.   
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6.2.2 Catalyst characterization 
N2 physisorption was performed on supported monometallic Ru and Ru-Pt 
bimetallic catalysts on a Micromeritics ASAP 2010 unit. Prior to analysis, the samples 
were degassed in situ at 230°C for 24 h. The micropore volume was derived from the t-
plot method (relative pressure range: 0.2−0.6) and the total pore volume was determined 
at p/p0 = 0.99.  
The TEM images were obtained in a transmission electron microscope JEOL JEM-
2100, operating with an accelerating voltage of 200 kV, equipped with LaB6 gun. Catalyst 
samples were pre-reduced under H2 flow at 250C for 3 h before depositing them on 
carbon-coated copper TEM grids. From the TEM images, metal particle size distributions 
were obtained by analysis with ImageJ software [27].  
X-ray powder diffraction (XRD) patterns for monometallic Pt, Ru and bimetallic 
Pt-Ru catalysts were collected on a D8 Series II X-ray Diffractometer (BRUKER AXS), 
using K radiation generated at 40 kV and 35 mA. Prior to the measurements, the samples 
were reduced ex-situ under pure H2 (60 mL/h) at 523.15 K for 3 h. The scans covered the 
2θ range from 20 to 80°. 
6.2.3 Reaction procedure 
APR of ethanol was conducted in the liquid phase, in a 160 mL high-pressure Parr 
reactor (Model 4564), operated at high temperature in batch mode. In each run, 80 mL of 
deionized water and 100 to 200 mg of catalysts were placed in the vessel to perform the 
catalyst reduction under 200 psi of H2 at 250C[147, 148], for 2 h. Subsequently, the reactor 
was cooled down to room temperature and purged with Ar. At this point, 20 mL solution 
consisted of 15 mL ethanol (Sigma-Aldrich, ≥ 99.5 %) and 5 mL water were injected into 
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the aqueous solution. The overall volume of reactants is 100 mL, corresponding to an 
ethanol concentration of 15 vol %, which was the same for all reaction runs.  By injecting 
Ar, the system was pressurized to 200 psi (1.38 MPa), which allowed having an internal 
standard for gas composition analysis. Mechanical stirring was started at 600 rpm and the 
temperature was raised to the desired value of 250C. After the reaction period, the stirring 
was stopped, and the reactor was quenched to room temperature. The gas phase products 
were collected in a single-ended miniature sample cylinder and quantitatively analyzed on 
a Carle Series 400 AGC equipped with TCD. Liquid products were qualitatively identified 
on a Shimadzu GCMS-QP2010S, equipped with a Zebron ZB-1701 column and quantified 
on an Agilent 7890B GC-FID, equipped with a Zebron ZB-WAXplus column. 
Aqueous phase Fischer Tropsch synthesis (FTS) reaction was carried out as an 
additional probe reaction. For this, 100 mg of 5% Ru/C and 150 mg of 0.5% Ru/C were 
reduced in 100 mL of water under 200 psi of H2 and 250C for 2 h. Then, the system was 
cooled down and purged with N2 before introduction of the reactant gas mixture, which 
contained a H2 and CO at a molar ratio of 5 and 200 psi. The FTS reaction was conducted 
at 250C for 17 h. The gas phase products were analyzed on Carle Series 400 AGC, 
equipped with a TCD and on an Agilent GC-MS, equipped with a J&W HP-PLOT Q 
column; the liquid phase products were identified using Shimadzu GCMS-QP2010S, 
equipped with a Zebron ZB-1701 column. 
Ethanol conversion and H2 production rate for each catalyst are defined as follows: 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑓𝑒𝑑)




𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
(𝑚𝑜𝑙𝑒 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑟𝑒𝑑)
(𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡) × 𝑡𝑖𝑚𝑒
 
(87) 
6.3 Results and discussion 
6.3.1 Catalysts characterization 
The surface area, pore volume, and average particle size of the various catalysts 
investigated are presented in Table 12. The measured surface area for the C-supported Ru 
catalysts is much higher than those of TiO2-supported Ru catalysts due to the 
correspondingly different areas of the two supports. The surface areas for the C-supported 
catalyst series are greater than 500 m2/g while those of the TiO2 -supported series are less 
than 50 m2/g. The TiO2 utilized in the catalyst synthesis is P25, which is a mixture of 
anatase and rutile phase. Since the anatase phase is less stable than the rutile phase upon 
heating the higher calcination temperature (500C) used for the bimetallic catalyst may 
have led to partial collapse of the pore structure and loss of overall surface area [147, 149], 
as observed in Table 12. 
Table 12. Characterization of Ru series catalysts. 
Sample 
Surface area Pore volume 
m2/g cm3/g 
5% Ru/C 585 0.42 
0.5% Ru/C 867 0.68 
2.6% Ru/TiO2 51 0.25 
0.5% Ru/TiO2 52 0.20 
1% Ru-2% Pt/TiO2 33 0.10 
 
The TEM images and particle size distributions are shown in Figure 28. It can be 
seen that varying metal loading on the different supports resulted in significant differences 
in particle size. For instance, the samples with higher Ru loading, 5% Ru/C and 2.6% 
Ru/TiO2, have average diameters of 3.3 and 3.9 nm, respectively. By contrast, those with 
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low Ru loading, 0.5% Ru/C and 0.5% Ru/TiO2, have much smaller diameters, 1.4 and 1.7 
nm, respectively. Since the fraction of surface sites with low coordination, such as corners 
and edges, greatly increases when the particle size is smaller than 2 nm, while above that 
the surface is dominated by flat plane terraces [150], we can consider these four samples 
as representative of the two extremes, high coordination flat terraces and low coordination 
steps/edges.  Chemical bonding of reactants and intermediates on these different types of 
surface sites during the APR of ethanol is expected to be different, which should result in 












Figure 28. TEM images (i) and particle diameter distribution (ii) of the different 
catalysts; (a) 5% Ru/C; (b) 0.5% Ru/C; c) 2.6% Ru/TiO2 ; (d) 0.5% Ru/TiO2; (e) 1% 
Pt/C; (f) 2% Pt/TiO2 and (g) 1% Ru-2% Pt/TiO2  
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6.3.2 Reaction pathways 
The experimental results on both Ru and Pt catalysts obtained at an initial ethanol 
conversion of approximately 10% are shown in Table 13. It is observed that at the same 
level of low conversions, acetaldehyde is the main liquid product while diethyl ether and 
acetic acid were only significant in some of the catalysts. The gas products contain 
predominantly H2, CO2 and CH4, with smaller amounts of ethane and ethylene. To analyze 
the possible reaction pathways on 0.5% Ru/TiO2, the evolution of liquid products has been 
plotted as a function of reaction time (Figure 29).  It can be observed that on this low metal 
loading the initial rate of acetaldehyde formation at 1 hour is 6.6 mmol/h, which is much 
higher than that of diethyl ether.  The formation of acetic acid is not detected by GCs until 
3 hours of reaction.  Therefore, it can be concluded that the primary products of ethanol 
reforming on this catalyst are acetaldehyde and H2, arising from the direct dehydrogenation 





















































































































































































































































































































































































































































































































































































































































































































































































































































Figure 29. Liquid product distribution of 0.5% Ru/TiO2 catalysts as a function of 
reaction time. Reaction conditions: 200 mg of catalyst, 250 C 200 psi of Ar; Feed: 15 
vol.% ethanol aqueous solution with overall volume of 100 mL. 
Density functional theory (DFT) calculations of oxygenates reforming have been 
previously conducted over Ru [151, 152] and Pt [153-158]. The adsorption of ethanol is 
thermodynamically favorable when a surface ethoxy species is formed via 
dehydrogenation, which starts at the O.  The elongation of the O-H bond reduces the 
electron orbital overlap between H and O, leading to the detachment of H from O.  This 
first steps is followed by dehydrogenation of the C and, finally, formation of the adsorbed 
surface acetaldehyde [155]. The dehydrogenation of the surface acetaldehyde has been 
studied with high-resolution electron energy loss spectroscopy (HREELS) [159]. It has 
been shown that this step leads to the formation of a surface acetyl species, which are 
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important metastable intermediates. Further dehydrogenation of acetyl species takes place 
on C, which would produce a ketene CH2CO species.   
As a consequence of the sequential dehydrogenation, the C-C bond weakens. It 
seems like this double dehydrogenation (of O-H and C-H bonds) requires a lower energy 
barrier than that required for C-C cleavage, which still requires another dehydrogenation 
step before it can occur. Calculations show that the energy barrier for C-C cleavage 
decreases with the extent of dehydrogenation. For example, over Ru (0001), the activation 
energy of C-C cleavage decreases from 255 kJ/mol prior to adsorption to the lowest value 
of 38 kJ/mol when the surface ketene CH2CO species are formed [152]. A much lower 
effect of dehydrogenation occurs with Pt; in fact, the activation energy of C-C cleavage 
over Pt (111) only diminishes to 90.24 kJ/mol after the surface ketenyl CHCO is formed 
[156]. In comparison, a deeper degree of dehydrogenation is needed over Pt in order to 
weaken the C-C bond. Moreover, over both metals the adsorption geometry of ethanol 
changes during the dehydrogenation steps [152, 154]. The metal-O bond of the surface 
ethoxy group is tilted upon adsorption, making dehydrogenation of O-H and C-H easier 
than C-C cleavage. However, a later dehydrogenation of C leads to a parallel adsorption 
geometry that weakens the metal-O bond. As O moves away from the surface C-O cleavage 
becomes much harder. 
Cleavage of the C-C bond results in the formation of CH4 and CO with a molar 
ratio of 1. The detection of CH4 shows up among all the metal catalysts in Table 13, 
although the quantity varies between different catalysts. Yet CO takes little or no partial 
pressure in gas products. In fact, CO is usually formed as one of the major gas product in 
ethanol reforming[160, 161]. However, under the reaction temperature of 250C and high 
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water/ethanol molar ratio (18:1), the WGS reaction is thermodynamically favored[162], 
and therefore CO rapidly reacts with water, yielding CO2 and H2.  
Theoretically, CO is converted into an equimolar of CO2 completely after the WGS 
reaction. Combining with previously formed CH4 after C-C cleavage, an equimolar ratio 
of CO2 to CH4 would be produced in the end. On the contrary, catalysts such as 5% Ru/C 
and 2.6% Ru/TiO2 have significantly deviated from this ratio. In 5% Ru/C for instance, the 
amount of CH4 is 33.99 mmol, which surpasses 9.6 mmol of CO2. Provided that CH4 
directly comes C-C cleavage, there should have been 33.99 mmol of H2 or CO2 produced 
after the WGS reaction. Nevertheless, the total H2 is merely 6.93 mmol and CO2 is 9.60 
mmol. The discrepancy suggests that H2 and CO2 in the reaction system have been further 
consumed in order to produce additional CH4. It has been investigated that both Pt and Ru 
have different activities towards methanation [163, 164], which is the hydrogenation of CO 
and CO2 and the product of this reaction is CH4. Therefore, the ratio of CO2 to CH4 varies 
over different catalysts, depending on their relative activities for the two reactions. Thus, 
this CO2/CH4 ratio can be taken as a figure of merit when assessing different catalysts for 
the APR of ethanol. 
As depicted in Scheme 5, the low temperature APR of ethanol over Ru and Pt 
involves the following steps. First, ethanol can be dehydrogenated to form a surface 
aldehyde species, which in turn could either desorb to the liquid phase or undergo hydration 
and further dehydrogenation to produce a carboxylic acid.   While this path generates H2, 
it does not include C-C cleavage and consequently does not produce the maximum yield 
of H2. By contrast, if the surface aldehyde species undergoes C-C cleavage via 
decarbonylation, CH4 and CO are produced at a 1:1 ratio.  In a subsequent step, adsorbed 
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CO could alternatively undergo water-gas shift reaction or methanation. In the first case, it 
further produces H2, in the second case, CH4. A parallel path that does not produce H2 is 
the dehydration-etherification that leads to diethyl ether.  Another possible product is 
ethane, which is obtained by dehydration of ethanol to ethylene followed by hydrogenation.  
 
Scheme 5. Reaction pathways of the low temperature aqueous phase reforming of 
ethanol. 
6.3.3 Ru particle size effects 
To evaluate the effect of particle size on Ru catalysts, liquid- and gas-phase product 
distributions are compared at early stages of reaction (approximately 10% conversion) for 
the different Ru catalysts, as listed in Table 13. The greatest differences in the Ru series 
are observed in the gas-phase product distributions (see Figure 30).  The catalysts with high 
Ru loading and larger particle sizes produce much more CH4 than H2. The CH4/H2 molar 
ratios for 5% Ru/C and 2.6% Ru/TiO2 are 5 and 3, respectively. By contrast, on the low 
loading, small particle size catalysts, 0.5% Ru/C and 0.5% Ru/TiO2, the CH4/H2 ratio is 
less than 1, indicating that the reaction selectively produces H2, rather than CH4. These 
results are consistent with previous studies conducted at 200C [165], in which the CH4/H2 




Figure 30. Gas phase product distribution over different Ru catalysts. Reaction 
conditions: 250 C 200 psi of Ar; Feed: 15 vol% ethanol aqueous solution with overall 
volume of 100 mL. 
Another important figure of merit to evaluate catalyst performance is the C1/C2 
product ratio, listed in Table 13, which is a measure of the relative ability of the catalyst to 
achieve C-C bond cleavage.  Higher C1/C2 ratio indicates more C1 products, which are 
CO, CO2 and CH4 in the gas phase. Similarly, liquid products such as acetaldehyde and 
acetic acid make up for C2 products and A low C1/C2 ratio signifies that ethanol has further 
reacted, mainly to liquid products. Our experimental results clearly show that the C1/C2 
product ratio is higher on the catalysts with larger particle sizes (i.e., 5% Ru/C > 0.5% 
Ru/C, and 2.6% Ru/TiO2 > 0.5% Ru/TiO2).  However, DFT calculation usually show that 
the energy barriers for C-C bond cleavage are lower on low-coordination-number sites at 
the corners and step-edges on metal surfaces [84, 166, 167]. A possible explanation could 
be that the more active, low-coordination sites are more likely to be blocked by the 
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fragment produced during the initial C-C cleavage, and the binding of these fragments (CO 
or CHx) is too strong to easily react with H2 and regenerate the active site [151]. Other 
possible deactivation mechanisms are attributed to reactions such as Boudouard reaction, 
methane decomposition, ethylene polymerization and cracking of ethane[140, 168]. 
Among all, lower reaction temperature of ethanol reforming potentially promotes carbon 
deposition through Boudouard reaction as follows: 
2𝐶𝑂
 
↔𝐶𝑂2 + 𝐶 (88) 
Nevertheless, the solid carbon formation under excess amount of water and low 
temperature is thermodynamically unfavorable [169, 170].  
The phenomenon of site blocking by CO was further demonstrated by investigating 
the Fischer Tropsch synthesis (FTS) reaction in the aqueous phase over the two catalysts, 
5% Ru/C and 0.5% Ru/C.  This is a good probe reaction, which is known to involve the C-
O dissociation as the rate-limiting step. To make a closer connection with the main reaction 
of interest for this contribution, the same conditions used in the APR of ethanol were 
employed for the FTS, with the only difference in the composition of the gas phase, which 
in this case was kept at a H2/CO molar mixture ratio of 5. Interestingly, the 0.5% Ru/C 
catalyst produced mainly CO2 and additional H2 in the gas phase, via WGS reaction. By 
contrast, CO2 was not observed as a product over 5% Ru/C. Instead, C1- C7 alkanes were 
the main products observed. These results clearly indicate that the small particle 0.5% Ru/C 
is deactivated by CO to a large extent. That is, the low-coordination (corner, steps) sites 
present in small Ru particles adsorb CO so strongly that are quickly rendered inactive. CO 
activation is hard to achieve. The FTS is hindered over low coordinate step edge sites. 
However 5% Ru/C, surface CO is easier to be activated over with larger Ru particles. By 
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contrast, adsorption of CO/CO2 on high coordinate surface sites are much weaker, so these 
sites are kept clean and active for C-O dissociation and subsequent C-C bond formation to 
longer chain hydrocarbons. 
 Carballo et al. [171] investigated Ru particle size effects on the FT synthesis 
ranging from 4 nm to 23 nm. The turnover frequencies (TOF) of H2 and CO consumption 
as well as CH4 formation increases with particle sizes that are smaller than 10 nm. The 
DFT calculation by Loveless et al. [172, 173] further unveils that energy barriers of 
chemisorbed CO activation on low coordinated corner and step-edge sites are larger than 
high coordinated flat extended surface. H-assisted CO activation on Ru (111) terrace of 
Ru201 cluster lowers the activation energy to 165 kJ/mol compared to 356 kJ/mol for CO 
activation without H-assistance at corner sites. Strong adsorption of CO at the corner and 
step-edge sites greatly blocks the Ru active sites. 
6.3.4 Pt particle size effects 
All monometallic Pt catalysts exhibit high selectivity towards H2. The results are 
plotted in Figure 31. Both 1% Pt/C and 2% Pt/TiO2 have low production towards CH4. 
Meanwhile liquid products such as acetaldehyde, acetic acid and diethyl ether are 
noteworthy. However, as demonstrated by DFT calculations, ethanol decomposition via C-
C cleavage is more difficult on Pt [156] than on Ru [152], as revealed by the calculated 
energy barriers, 90 kJ/mol for Pt, compared to 38 kJ/mol for Ru. Moreover the C-C 
cleavage over Pt happens after the surface ketenyl CHCO species via dehydrogenation of 
C indicating the stronger affinity of Pt to H atoms. Therefore, one should expect that most 
of the H2 produced over Pt catalysts derives from dehydrogenation of ethanol. However, 
since no CO is observed in the gas phase products when Pt is present due to the favorable 
120 
 
WGS reaction at low temperatures one can expect that surface CO converts to CO2 
producing additional H2.  This is in line with previous results of WGS reactions [174], 
showing that the TOF over Pt is about 6 times higher than over Ru, under same reaction 
temperatures.  
 
Figure 31. Gas phase product distribution over different Pt catalysts. Reaction 
conditions: 250 C 200 psi of Ar; Feed: 15 vol% ethanol aqueous solution with overall 
volume of 100 mL. 
For Pt catalysts, increasing the metal loading from 1 to 2 wt % did not result in a 
significant change in particle size, as shown in the TEM images and particle size 
distributions of Figure 28(e-f), i.e. 2.2 nm for 1% Pt/C and 2.4 nm for 2% Pt/TiO2. The 
product distributions on these two catalysts were similar, with the 1% Pt/C catalysts 
producing only slightly more CO2 and CH4. Contrasting with Ru, Pt has been shown to 
have low activity towards the methanation reaction [163]. Indeed, DFT calculations reveal 
the high activation energy barrier for CO dissociation on a Pt (111) surface, with a C-O 
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bond length close to the value for free CO [175].  Therefore, H2 consumption for CH4 
production is practically negligible on Pt.  On the other hand, the adsorption and 
decomposition of ethanol, acetaldehyde and glycerol have been previously investigated 
over Pt catalysts of different particle size and different planes of Pt single crystals. For 
instance, Cong et al. [176] has investigated the adsorption and desorption of ethanol on Pt 
(331), which consists of steps and terraces of Pt(111). The step sites display high activity 
for direct C-C cleavage upon adsorption, while terrace sites catalyze dehydrogenation of 
ethanol, followed by C-C cleavage. Likewise, the decomposition of acetaldehyde has been 
studied over Pt catalysts of different particle sizes [177], with the observation that large 
particles have low activity towards C-C cleavage, reflected by a low rate of acetaldehyde 
decomposition. Pt particle size effects have also been studied in the APR of glycerol [177, 
178], which produces higher selectivity to CH4 and C1 oxygenates over Pt catalysts of 
small particle sizes. Finally, several experimental studies agree that WGS reactivity on Pt 
is independent of particle size [174, 179]. 
6.3.5 Effect of the support 
Supports are not only used to disperse metal particles but they may also promote 
catalytic activity for some reactions. Our experimental results, summarized in Table 13, 
indicate that the bare TiO2 support catalyzes dehydrogenation and dehydration reactions 
under ethanol APR reaction conditions. Dehydrogenation of ethanol produces H2 and 
acetaldehyde, while dehydration of ethanol yields diethyl ether and ethylene, which are 
observed in moderate amounts. By contrast, no CO, CO2 or CH4 is detected, indicating that 
TiO2 has no activity for C-C bond cleavage.  
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On the other hand, TiO2 exhibits a higher activity towards ethanol conversion than 
the carbon support, most probably via acid-base interactions. It is possible that an H atom 
of ethanol, acting as an acid, may interact with a basic site of TiO2, while the O atom of 
ethanol may be attracted by a surface Ti4+ site, having Lewis acidity [180]. As a result, an 
ethoxide is formed on the surface of TiO2. Under the presence of water, the surface 
ethoxide may further interact with surface OH groups, further dehydrogenating to 
acetaldehyde [168, 180, 181], which can in turn react to form a surface acetate. Then, when 
a metal is supported on TiO2, bifunctional activity may develop [168, 178].  That is, it has 
been proposed that the acetate species can decompose at the metal-support interface, 
producing CO, which can undergo WGS reaction, yielding CO2 and H2.  Guo et al. [182] 
has suggested that strong basic sites present on a supports could promote the dissociation 
of water, facilitating the WGS. This idea is consistent with our experimental results (see 
Table 2), which show that carbon-supported Ru produces much more CO in the gas phase 
than TiO2-supported Ru. That is, the sequential conversion of CO via WGS reaction is not 
promoted on the carbon support as much as it is on TiO2.  
6.3.6 Bimetallic Ru-Pt catalysts 
Based on the results shown above, we have selected the bimetallic Ru-Pt catalysts 
supported on TiO2 as potentially promising materials that may incorporate the beneficial 
properties of the support as well as both metals (Ru and Pt), without the negative effects of 
either. That is, the TiO2 support may enhance C2 decomposition as well as WGS while Ru 
catalyze C-C cleavage and Pt enhances WGS. However, we have shown that flat Ru 
surfaces, with large Ru ensembles, may result in undesired methanation that consumes H2 
and produces CH4, which is detrimental. At the same time, small Ru particles may lead to 
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strong adsorption of CO at the low-coordination corner and step-edge sites, poisoning the 
sites. Alloying with Pt, on the other hand, may simultaneously result in lower density of 
large Ru ensembles and lower density of uncoordinated defects.  Pt itself has low activity 
towards C-C cleavage, but enhanced WGS.  
Table 13 summarizes the results of the APR over the three bimetallic catalysts. Two 
of them are the sequentially impregnated bimetallics (one Ru first, the other Pt first), while 
the third one is the co-impregnated (Ru-Pt).  The product distributions observed in the gas 
phase are presented in Figure 33. The behavior of the bimetallic 0.5% Ru/2% Pt/TiO2 (Ru 
first) resembles that of the monometallic 2% Pt/TiO2. This result would suggest that the 
small Ru loading (0.5 %) deposited first on the support becomes covered by the larger 
amount of Pt (2%), without much Ru exposure. In the reversed preparation sequence, 2% 
Pt/0.5% Ru/TiO2 (Pt first), the added Ru provides enhanced C-C bond cleavage, producing 
surface CO. But, the abundant liquid products indicate that Pt there is still large fractions 
of Pt that catalyze dehydrogenation and not enough Ru to break C-C bonds. However, the 
co-impregnated 2% Pt-1% Ru/TiO2, with higher Ru loading, demonstrates an excellent 
performance and not only it provides sufficient C-C cleavage activity upon ethanol 
adsorption, but high WGS activity to convert the surface CO species with water to produce 
CO2 and H2, but without undergoing methanation. Aiming to detect any interaction 
between Pt and Ru in the bimetallic Pt-Ru/TiO2 catalyst, the XRD patterns of 2% Pt/TiO2, 
1% Ru/TiO2 and 2% Pt-1% Ru/TiO2 were recorded (see Figure 32). However, only TiO2 
diffraction peaks, composed of anatase and rutile forms, were detected for those three 
catalysts. Pt and Ru intensities were too weak to be use as a measure of Pt-Ru interactions. 
This is due to the low loading of Pt and Ru, as well as their high state of dispersion on the 
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TiO2 support. A weak peak was observed at 2θ of 40.0° for 2% Pt-1% Ru/ TiO2 (line a), 
and 2%Pt/ TiO2 (line b) catalysts. As depicted in line d, after subtracting the 1%Ru/ TiO2 
(line c) from 2% Pt-1% Ru/ TiO2 (line a), a weak intensity emerged. This peak corresponds 
to the Pt(111) diffraction. Similarly, subtracting 1% Ru/ TiO2 (line c) from 2% Pt/ TiO2 
(line b) should have resulted diffraction patterns for monometallic Pt in line e. However, 
the intensities for both lines d and e are too similar to identify any Pt-Ru interaction. The 
same analysis is also conducted to identify Ru diffraction patterns. As indicated in line f, 
no noticeable intensities have been detected. 
 
Figure 32. XRD patterns for pre-reduced 2 %Pt-1 %Ru/TiO2 as line ‘a’; 2 %Pt/TiO2 
as line ‘b’; 1 %Ru/TiO2 as line ‘c’. The line ‘d’ shows the difference in intensity 
between 2 %Pt-1 %Ru/TiO2 and 1 %Ru/TiO2; the line ‘e’ shows the difference in 
intensity between 2%Pt/TiO2 and 1%Ru/TiO2; whereas the line ‘f’ shows the 




Figure 33. Gas phase product distribution over different Pt-Ru bimetallic catalysts. 
Reaction conditions: 250 C 200 psi of Ar; Feed: 15 vol% ethanol aqueous solution 
with overall volume of 100 mL. 
Bimetallic Pt-Ru catalysts have been found to be effective for aqueous phase 
reforming of biomass, with high catalytic activity towards H2 production [183, 184]. The 
multi-objective optimization diagram presented in Figure 34 provides a comprehensive 
perspective with full assessment of optimal catalysts towards this reaction. Catalysts can 
be compared on the basis of their H2 production rate (per gram of catalyst) along with the 
ratio of COx to C2 products. COx represents the sum of CO2 and CO; C2 represents the 
total amount of two-carbon products. The ratio of COx-to-C2 provides a measure of the 
efficiency of each catalyst for C-C cleavage. Catalyst with maximum potential for APR of 
ethanol should maximize the yield of H2 per unit time with maximum utilization of the 
carbon source. It is clear that all the points for the pure Ru series are located to the left side 
of the diagram, which is less desirable. While Ru is efficient at C-C cleavage readily 
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converting C2 products into C1 products the yield of H2 production is rather low. Large Ru 
particles tend to dissociate CO easily and produce CH4 by consuming the desirable product 
H2. At the same time, smaller Ru particles display strong adsorption of CO, which is hard 
to be further converted and lead to site poisoning. On the other hand, while Pt catalysts 
produce significant amounts of H2, this conversion is mainly through dehydrogenation of 
ethanol. Therefore, even though the H2 production rate is higher than on Ru catalyst the 
utilization of ethanol is incomplete. That is, the low COx-to-C2 ratios observed for pure Pt 
catalysts indicates that large amounts of C2 liquid products are required to obtain a given 
H2 yield. Finally, the bimetallic catalysts display their points towards to upper right of the 
diagram because the efficiency of the C-C cleavage is enhanced and the produced CO is 
further converted via WGS reaction, mostly catalyzed by Pt, which results in maximum H2 
production rate with maximum utilization of ethanol.  
 
Figure 34. Assessment of catalyst performances based on two desirable ratios: 
vertical: COx-to-C2 ratio, which indicates the catalyst efficiency for C-C cleavage; 
horizontal: overall H2 production rate. The optimal catalysts should appear on the 




APR of ethanol demonstrates an efficient route to obtain H2 with a low energy input 
and low CO production. The solvent water serves as a reactant and drive reaction 
equilibrium by converting surface CO to CO2 and release more H2. 
Monometallic Ru catalysts with large particle sizes display high activity towards 
C-C cleavage upon ethanol adsorption. However larger Ru also dissociates CO and reacts 
with H2 simultaneously to form CH4 and doesn’t accomplish the H2 production by APR of 
ethanol. Smaller Ru particle shows high selectivity towards H2, but the CO species present 
strong adsorption on low index corner step-edge sites and eventually lower the overall 
catalytic activity due to the sites poisoning. On the contrary, Pt also reveals high selectivity 
towards H2 production and low activity to methanation reaction. The surface CO species 
are reacted with water via WGS reaction to produce more H2 and CO2. However the 
activation energy of C-C cleavage over Pt is much higher than that over Ru, making ethanol 
reforming less efficient and yielding more liquid products that needed to be decomposed 
to convert more ethanol.   
Support TiO2 interacts strongly with ethanol and water through acid-base 
interaction. Ethanol decomposes upon adsorption and produced acetaldehyde as the 
dehydrogenation product and ethylene along with diethyl ether as dehydration products. 
The basicity of TiO2 is also believed to promote the WGS reaction. 
Bimetallic Ru-Pt with 1% Ru co-impregnated with 2% Pt over TiO2, located at the 
top right of the optimization diagram, exhibited the beneficial properties of both Ru and Pt 
without the negative effects of either. Its synergistic behavior results in higher H2 
128 
 
production rate, higher C-C cleavage ability, and lower methanation rate than any of the 
monometallic Ru or Pt catalysts.  
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Chapter 7: Summary 
7.1 Kinetics in hydrogenation 
To reach a mechanistic understanding of hydrogenation reactions used for biomass 
conversion, hydrogenation of cyclohexene and furfural has been investigated as the model 
compound for aromatics and sugar derived molecules.  
Four kinetic models have been built to study the adsorption sites of hydrogen/ 
cyclohexene and rate determining steps. Analysis on reaction orders unveils that H2 adsorbs 
on much smaller sites that don’t compete with reactant cyclohexene. The interpretation of 
each term in rate expressions indicates the rate determining step is the first hydrogenation 
step. In furfural hydrogenation, water assisted H-shuttling mechanism reduced the 
activation barrier for the first hydrogenation. The experiment results are consistent with the 
DFT studies.  Kinetic measurements in water further verify the second hydrogenation 
rather than the first hydrogenation becomes the rate determining step in the presence of 
water. In general, the analysis on reaction rate expressions coupled with measurements on 
reaction orders can be widely used to study kinetics of reactions. 
When finalizing kinetic parameters, there are many sets of fitting values that could 
be used on a kinetic model to get a good fit. The most important parameters are adsorption 
equilibrium constants and a rate constant, which are directly determined by entropy and 
enthalpy of the step. To provide reasonable estimations, statistical thermodynamics can be 
applied to study molecule adsorptions. By analyzing partition functions of adsorbed species 
and its original phase, the range of entropy of adsorption is confined. The corresponding 
enthalpy of adsorption is then obtained and is compared with DFT calculations to further 
investigate scenarios of surface adsorption. Combing statistical thermodynamics 
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calculations with DFT calculations, surface reactions are readily modelled and reactions 
can be predicted in a more efficient and accurate way.  
7.2 Solvent effect 
Solvents play an essential role in liquid phase reactions for biomass conversion. 
The observed solvent effects are due to solvent impact on kinetically relevant steps of 
reactions.  
For inert organic solvents, interactions between solvents and catalytic sites lead to 
competitive adsorption of solvent molecules. Surface coverage of reacting species 
decreases, resulting in a rate decrease. The stronger solvents compete, the lower the 
reactivity. Moreover, liquid phase non-ideality demonstrates interactions between 
molecules within liquid media and can change surface coverages of reacting species. 
Activity coefficients are applied to quantify non-ideal behaviors of solution mixtures. 
Solvent and solute interactions could either repel each other or attract each other in bulk 
phase. Therefore, solvent/solute concentration on catalyst surface will be higher or lower 
than its bulk phase depending on their non-ideality.  
For protic solvent such as water, furfural hydrogenation can be facilitated via water 
assisted H-shuttling mechanism. The presence of water stabilizes the energy at 
intermediates and final states through H-bonding, and also participates in the 
hydrogenation step. Water molecules pick up surface adsorbed H atoms and shuttle it 
towards the oxygen of the carbonyl group in furfural through H-bonding network. This 
route has greatly reduced the energy barrier for furfural hydrogenation. In aqueous phase 
reforming of ethanol, solvent water serves as the reactant that converts surface CO species 
to CO2 and H2 via water-gas-shift (WGS) reaction. Not only the reaction equilibrium is 
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driven towards more H2 production, active sites are also quickly removed to prevent strong 
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A. DFT calculations in Chapter 4* 
A1. DFT calculations 
All DFT calculations carried out in Chapter 4: Non-ideal Solvent Effect on Kinetics 
of Cyclohexene Hydrogenation over Pd/-Al2O3 were conducted with the Vienna ab initio 
simulation package (VASP)[1, 2]. The GGA-PBE functional all-electron plane-wave basis 
sets with an energy cutoff of 400 eV was used for the exchange correlation energy[3]. The 
projector augmented wave (PAW) method were adopted to describe the electron-ion 
interactions[4]. 
The closed-packed 4x4 Pd (111) with four layers and 15 Å of vacuum separating 
the slabs in the z-direction were used to model the Pt catalyst. The top two metal layers 
were allowed to relax while the bottom two layers were fixed to the initial bulk positions. 
The Brillouin-zone was sampled by the 3×3×1 k-points using the Monkhorst-Pack 
scheme[5]. The convergence threshold was set 10-6 eV in total energy and 10-2 eV/Å in 
force on each atom. The energies of the adsorbates in vacuum were calculated in an 
18x18x18 Å unit cell with the Γ only k-point mesh.  
Transition state searches were performed using the dimer method [6] with the initial 
guesses for the transition state structure obtained through the nudged elastic band (NEB) 
method[7]. 
                                                 
* DFT calculations were performed by Dr. Qiaohua Tan and Tong Mou 
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A2. Adsorption geometries 
 
Figure A1. DFT optimized adsorption structure of cyclohexene, decalin, 
mythylcyclohexane and heptane. 
 
Figure A2. Adsorption geometries and energy of cyclohexene on clean Pd(111) surface 
with the consideration of vdw interactions. 
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B. Kinetic fitting effectiveness in Chapter 4 
To acquire ΔS of adsorption/reaction, and ΔH of adsorption/reaction, more data for 
reaction rates were collected under different reaction temperature and reactant 
concentration, varying from 40 C to 100 C, 600 psi and 100 psi of H2 pressures, 0.17 M 
and 0.42 M of cyclohexene in heptane. The experiment rates are compared with model rate 
using parameters from Table 10. As shown in Figure B 1, slope of those data is very close 
to 1, meaning a good fit of the model with experimental measurements.  
 
Figure B 1. Comparison between rates from experimental measurement and model 
prediction using parameters from Table 10.   
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C. DFT calculations in Chapter 5* 
All DFT calculations performed in Chapter 5: Mechanistic Role of Water in 
Aqueous Phase Furfural Hydrogenation on Pd Catalysts was modeled using a (4×4) 
supercell on the Pd(111) surface. Each supercell contained repeated slabs with four metal 
layers separated by an 18 Å vacuum region. The bottom two layers of Pd have been fixed 
at their bulk positions while the top two layers were fully relaxed. A larger (6×6) supercell 
has been checked and no significant change has ben found. Number of water molecules 
was chosen to fill the vacuum region above the metal slab to make the density of water 
approximately the same as that of liquid water at the standard conditions.  
The density functional theory (DFT) calculations and ab initio molecular dynamics 
(AIMD) simulations were carried out using the VASP package[8]. The Perdew-Burke-
Ernzerhof generalized gradient approximation exchange-correlation potential (PBE-
GGA)[3] was used, and the electron-core interactions were treated in the projector 
augmented wave (PAW) method [4, 9]. Structures have been optimized until the atomic 
forces were smaller than 0.02 eV Å-1 with a kinetic cut off energy of 400 eV. The van der 
walls interactions were taken into account using DFT-D3 semi-empirical method[10]. 
Reaction pathways and the associated barriers were determined with the Nudged Elastic 
Band method[7, 11]. 
For simulations of the water-Pd(111) interface, AIMD simulations at finit 
temperatures (see below) were performed in canonical ensembles. The time step was set to 
                                                 
* DFT calculations were performed by Reda Bababrik and Dr. Wenhua Xue. 
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0.5 fs. The simulation time was typically 10 ps. After thermal equilibrium has been reached, 
multiple snapshots were taken and optimized for further DFT calculations.  
D. Isotope study in Chapter 5 
In order to experimentally observe the water assisted H-shuttling effect in Chapter 
5: 5.3.3 Solvent effect, D2O have been used as the solvent for furfural hydrogenation. 
Under same reaction conditions, 40 °C and 800 psi of H2, the deuterated FOL was detected 
GC-MS. However, the H-D exchange reaction raises significant concerns since H can be 
exchanged into D through H-bonding network readily. The resulting deuterated FOL has 
to be differentiated whether it is produced via the shuttling effect or H/D exchange. 
Nevertheless, the isotope study fails to demonstrate the objectives. Here we provide 
analysis on regular furfuryl alcohol and deuterated furfuryl alcohol fragments from MS 
spectrum, as well as demonstrate that H-D reaches equilibrium instantly. Future isotope 
study should be conducted with caution. 
To distinguish the reaction of furfural hydrogenation going through water shuttling 
mechanism from the observed H-D exchange reaction among furfuryl alcohol and D2O 
mixture, furfuryl alcohol aqueous solution was prepared at room temperature in pure H2O, 
pure D2O and then analyzed by GC-MS right after the preparation. As shown in Figure D 
1(A), deuterated furfuryl alcohol molecular ion, m/z = 99, appears in pure D2O, indicating 
the H atom of hydroxyl group in furfuryl alcohol has been exchanged with D instantly after 
the introduction of D2O under room temperature even without catalyst. –OH and D2O form 
hydrogen bonding network that allows D atoms to exchange with H readily. Notably, the 
concentration of furfuryl alcohol was much lower than solvent D2O. The H atoms are 
supposed to be replaced by D atoms completely, resulting the disappearance of furfuryl 
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alcohol molecular ion, which is m/z=98. On the contrary, the intensities of m/z=98 is as 
much as that of m/z=99 in pure D2O after the exchange. The MS spectra indicate that both 
regular furfuryl alcohol and deuterated furfuryl alcohol exist in the mixture. 
 
Figure D 1. (A) Mass spectroscopy of FOL in mixtures with different D2O percentage: 
0% represents pure H2O and 100% represent pure D2O. The FOL concentrations 
were 0.1 M for all prepared solutions under room temperature. (B-1,2,3) Mass 
spectroscopy of FOL in mixtures with different time intervals: from left to right under 
same m/z is the time increment. B-1 is FOL in 15% D2O solution, B-2 is FOL in 45% 
D2O solution and B-3 is FOL in 70% D2O solution.   
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The H-D exchange reaction was then carried out with various amount of D2O-H2O 
mixture and at different time intervals. As D2O volume percentage increases in the mixture 
presented in Figure D 1(A), m/z=69, 97 and 71, 99 decreases and increases respectively. 
Therefore, H-D exchange reaction illustrates an equilibrium with D2O concentration. 
Higher percentage of D2O yields more deuterated furfuryl alcohol in the mixture. To 
monitor the intensities evolution with time, the prepared solutions were later analyzed after 
6 hours and 24 hours. However, the intensities as a function of time, plotted in Figure D 1 
(B-1,2,3), remain constant for three mixtures. Therefore, the H-D exchange reaction 






1. Kresse, G. and J. Hafner, Ab initio molecular dynamics for liquid metals. Physical 
Review B, 1993. 47(1): p. 558-561. 
2. Kresse, G. and J. Hafner, Ab initio molecular-dynamics simulation of the liquid-
metal–amorphous-semiconductor transition in germanium. Physical Review B, 
1994. 49(20): p. 14251-14269. 
3. Perdew, J.P., K. Burke, and M. Ernzerhof, Generalized Gradient Approximation 
Made Simple. Physical Review Letters, 1996. 77(18): p. 3865-3868. 
4. Kresse, G. and D. Joubert, From ultrasoft pseudopotentials to the projector 
augmented-wave method. Physical Review B, 1999. 59(3): p. 1758-1775. 
5. Monkhorst, H.J. and J.D. Pack, Special points for Brillouin-zone integrations. 
Physical Review B, 1976. 13(12): p. 5188-5192. 
6. Henkelman, G. and H. Jónsson, A dimer method for finding saddle points on high 
dimensional potential surfaces using only first derivatives. The Journal of 
Chemical Physics, 1999. 111(15): p. 7010-7022. 
7. Henkelman, G. and H. Jónsson, Improved tangent estimate in the nudged elastic 
band method for finding minimum energy paths and saddle points. The Journal of 
Chemical Physics, 2000. 113(22): p. 9978-9985. 
8. Kresse, G. and J. Furthmuller, Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Physical Review B, 1996. 
54(16): p. 11169-11186. 
9. Blochl, P.E., Projector Augmented-Wave Method. Physical Review B, 1994. 
50(24): p. 17953-17979. 
10. Grimme, S., et al., A consistent and accurate ab initio parametrization of density 
functional dispersion correction (DFT-D) for the 94 elements H-Pu. Journal of 
Chemical Physics, 2010. 132(15). 
11. Henkelman, G., B.P. Uberuaga, and H. Jonsson, A climbing image nudged elastic 
band method for finding saddle points and minimum energy paths. Journal of 
Chemical Physics, 2000. 113(22): p. 9901-9904. 
 
